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An anterior cruciate ligament (ACL) injury is a serious knee injury with an inci-
dence of over two million cases annually worldwide.2,3,11,12 Regardless of the type of 
therapy chosen, athletes are often forced to reduce their level of physical activity 
and their involvement in sport after ACL injury.1 Prevention studies designed to re-
duce ACL injury rates show conflicting results.6-10,14-16 Wide-spread implementation 
and compliance to ACL injury prevention programs with a reduction of the actual 
ACL injury rates in the long-term has yet to be accomplished. Furthermore, these 
studies have mainly focused on prevention of ACL injuries in female athletes, given 
their higher risk.3,5 Risk factors in males have not been extensively studied, despite 
of their larger absolute number of ACL injuries on an annual basis; subsequently 
prevention has not been specifically addressed in the male athlete.
Hence, the ACL injury incidence and rate has remained constant over the past 
decades, despite the implementation of prevention programs for more than two 
decades.4,11 The need for an innovative training approach to optimize the effects of 
ACL injury prevention is paramount.13 The aim of this dissertation is therefore to 
contribute to the body of knowledge that may help to optimize ACL injury preven-
tion programs, enhance motor learning and ultimately reduce ACL injury risk.
Outline of the dissertation
In Chapter 1, the results of a systematic review on biomechanical and neuromus-
cular sex differences during sidestep cutting maneuvers are presented. As ACL 
injury risk factors are commonly approached from a sex difference perspective, we 
chose to provide a comprehensive overview of male and female landing patterns 
during these tasks. This study is conducted to aid in understanding whether ACL 
injuries during sidestep cutting maneuvers are purely sex related. It is important 
to move beyond the purely descriptive sex comparison studies that dominate the 
literature and more critically examine which strategies can be used to enhance 
landing technique. The actual load at the knee is comprised of multiple factors, 
such as orientation of the leg and the ground reaction force and influenced by 
the trunk and hip, knee and ankle joints. Currently, it is not known whether there 
are optimal levels of variability and whether deviations from these optimal levels 
increase the risk of injury. We found in this review that the reported kinematic, 
kinetic sex differences during sidestep cutting maneuvers were small. This review 
helps in directing future ACL injury prevention programs, which might need to 
be more individualized and might require a multifactorial approach to be more 
effective in the long term.
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As outlined above, despite ongoing initiatives and reported short term suc-
cesses, ACL injury rates and the associated sex disparity have not diminished. To 
better understand this problem, we proposed a paradigm change in Chapter 2 
to explain the disparity and the missing link between positive laboratory results 
and actual effects on injury outcomes. Consciously learning optimal movement 
patterns rehearsed during training sessions might result in suboptimal transfer 
to the field, where complex, unanticipated automatic movements are required. 
That is, trying to consciously control one’s movements during a practice session 
might interfere with the normal, automatic motor control processes needed on 
the field and break down the natural coordination of the movement. Learning new 
motor skills or optimizing motor skills can be conducted with the use of an internal 
focus of attention (IF, focus on the movements themselves) or with an external 
focus of attention (EF, focus on the movement effect). Prevention training employ-
ing instructions with an EF may enhance automatic movement control as well as 
performance.
In Chapter 2 we addressed the need to further develop the presented frame-
work. We therefore provided practically applicable techniques in Chapter 3 that 
may help to optimize current ACL injury prevention programs via increased reten-
tion and transfer of safe motor skills and thus to ultimately reduce the ACL injury 
incidence. The effects of attentional focus not only provide interesting insights 
into the effectiveness of automatic control capabilities of the motor system, but 
they also have important implications for performance improvements in applied 
settings.
In Chapter 4 we applied some of the proposed techniques mentioned in Chap-
ter 3. In Chapter 4, we wanted to move beyond the sex comparative studies and 
search for potential explanations why females and males move differently and how 
this might be addressed with proper interventions. An EF training strategy may 
enhance skill acquisition more effectively and increase the potential of retention 
and transfer to an actual practice of game compared to an IF learning strategy. 
We therefore explored the effects of an IF (by a verbal stimulus) and an EF (by a 
visual stimulus) on peak knee joint loading during sidestep cutting in female and 
male recreational basketball athletes.
To further investigate the effects of instruction and feedback on landing 
technique, we conducted the research project described in Chapter 5. Athletes 
performed a drop vertical jump (DVJ). The effects of instruction and feedback on 
landing technique during the DVJ were investigated. The DVJ was assessed with 
the Landing Error Scoring System (LESS). Since this score is giving an indication of 
ACL injury risk, it is very useful for coaches and athletes to evaluate the effect of 
instruction and feedback on technique and performance. The purpose of this study 
10
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was to investigate the differences on the LESS score in a training and retention 
session between four groups receiving different instructions: 1) IF instruction, 2) 
EF instruction, 3) video instruction and 4) no specific instruction (control group).
In the Discussion the findings of the research projects are summarized and 
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What is the true evidence 
for gender-related 
differences during plant 
and cut maneuvers? 
A systematic review
Anne Benjaminse, Alli Gokeler, Glenn S. 
Fleisig, Timothy C. Sell, Bert Otten





Purpose Female athletes have a significantly higher risk of sustaining an 
anterior cruciate ligament (ACL) injury than male athletes. Biomechanical and 
neuromuscular factors have been reported as the main cause. The purpose of 
this review was to critically review results of the published literature on gender 
differences regarding biomechanical and neuromuscular movement patterns 
during plant and cutting maneuvers.
Methods MEDLINE (1966 to December 2008), EMBASE (1947 to December 
2008) and CINAHL (1981 to December 2008) searches were performed. The 
seven studies meeting the inclusion criteria were analyzed.
Results Biomechanical gender differences were of questionable clinical rel-
evance. Quadriceps dominance was not found in women.
Conclusion The question raises whether ACL injuries during plant and cutting 
maneuvers are purely gender related and whether women do have to move like 
men in order to reduce injury risk? Caution is warranted in making inferences 
as studies were heterogeneous in terms of subject and study characteristics 
and had low statistical power as a result of insufficient number of subjects. It 
is advised that future research moves beyond the isolated gender comparison 
and that larger sample sizes will be included. This review may aid in improving 
experiments to draw valid conclusions, in order to direct future ACL injury 
prevention programs, which might need to be more individualized.
Keywords: Biomechanical control, knee injury, landing, neuromuscular con-
trol, prevention
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Introduction
It has been demonstrated that in sports such as soccer, basketball and team hand-
ball, women have a 2.3–9.7 times higher risk of anterior cruciate ligament (ACL) 
rupture.5,18,20 Approximately 38,000 ACL injuries occur in female athletics in the 
United States annually at an estimated medical cost of $17,00 per injury.22 There is 
a low prevalence of knee OA for individuals with isolated ACL injury (0–13%) and a 
prevalence of knee OA between 21 and 48% for subjects with combined injuries.37 
The identification of risk factors and the development of prevention strategies 
therefore may have widespread health and economic implications. A significant 
amount of research has been conducted in order to determine strategies for injury 
prevention; yet, the incidence remains high.1,19 It appears therefore that the suc-
cess of current ACL injury prevention programs may be in part limited due to an 
incomplete understanding of the true mechanism of injury. Poor biomechanical and 
neuromuscular control of the lower limb is suggested to be the major risk factor of 
an ACL injury mechanism in women.23 Others have questioned a cause-and-effect 
relationship between those proposed risk factors and ACL injuries.50 Psychological, 
environmental and hormonal and anatomical factors still need more research.2 
The plant-and-cut movement is one of the most common non-contact ACL injury 
mechanisms.10,14,15,38 Research related to this maneuver provides valuable infor-
mation obtained during strenuous, sports-specific activities. The purpose of this 
review is therefore to analyze the results of the literature regarding biomechanical 
and neuromuscular movement patterns during sidestep and cutting maneuvers, 
which could be used for the development of effective preventative programs to 
reduce ACL injuries.
Materials and methods
Literature search and selection
A literature search was performed to retrieve articles pertaining to the biome-
chanical and neuromuscular characteristics in healthy subjects during sidestep and 
cross- cutting tasks. A combined search in PubMed (1966 to December 2008), 
EMBASE (1947 to December 2008) and CINAHL (1981 to December 2008) was 
performed. A combination of the following search terms was used: group (1) ‘‘sex 
characteristics’’, ‘‘sex factors’’, ‘‘gender bias’’, ‘‘sex difference’’; group (2) ‘‘electro-
myography’’, ‘‘bio- mechanics’’, ‘‘neuromuscular control’’, group (3) ‘‘leg’’, ‘‘hip’’, 
‘‘knee’’, ‘‘ankle’’ and group (4) ‘‘task performance’’, ‘‘side*’’, ‘‘step*’’, ‘‘cross*’’, 
‘‘cut*’’, ‘‘task*’’, ‘‘jump*’’ and ‘‘land*’’. Groups 1, 2 and 3 were MeSH (PubMed) or 
Chapter 1
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subheadings (CINAHL/EMBASE), while the terms in group 4 were searched for in 
the title or abstract. In addition, a hand search was done on the reference lists in 
included articles. Inclusion criteria were as follows: (1) in vivo, human analysis; 
(2) written in English, German or Dutch; (3) biomechanical and/or neuromus-
cular analysis; (4) analysis of sidestep or cut preceded by running; (5) healthy, 
adult subjects (mean age 18 or older); (6) gender comparative cross-sectional 
design and (7) kinematic, kinetic and/or electromyographic (EMG) data reported 
in numbers. Studies were excluded if only an abstract was available. From the title 
and abstract, two authors of the current review (A.B. and A.G.) independently 
tracked the results of the searches to identify potentially relevant manuscripts for 
full review. These two were in agreement on each study’s inclusion or exclusion.
Methodological quality assessment
The full text of the selected studies was retrieved, and the methodological quality 
of the studies was independently assessed by two observers (A.B. and A.G.). Qua- 
lity was assessed by scoring for these items: (1) Inclusion and exclusion criteria 
mentioned (2 points = clearly defined, 1 point = inadequately defined, 0 points = 
not defined). (2) Demographic information: age (mean and range, median or SD) 
and gender mentioned (2 points = clearly defined, 1 point = inadequately defined, 
0 points = not defined). (3) Subject characteristics: activity level and sports of 
subject at the time of measurement reported (2 points = clearly defined, 1 point 
= inadequately defined, 0 points = not defined). (4) Groups were comparable at 
baseline (2 points = good comparability of groups or confounding adjusted for in 
analysis, 1 point = confounding small, mentioned but not adjusted for, 0 points 
= large potential for confounding, or not discussed). (5) Technical specification of 
measurements described in sufficient detail to permit replication of the test. Test 
device, number of trials, running speed, cutting angle (2 points = clearly defined, 
1 point = inadequately defined, 0 points = not defined). (6) Test–retest reliability 
of measurement device(s) reported (1 point = yes, 0 points = no). (7) Outcome 
measures (2 points = clearly defined, 1 point = inadequately defined, 0 points 
= not defined). (8) Description of power analysis (sample size justification) for 
detecting gender differences (1 point = yes, 0 points = no). (9) Statistical analysis 
(2 points = details given, 1 point = inadequately details given, 0 points = no details 
given). (10) All included subjects measured, and if appropriate, missing data or 
withdrawals reported or explained and accounted for in the analysis (2 points = 
described for each group separately and impact on outcomes analyzed, or miss-
ing rate less than 5%, 1 point = incomplete description/analysis, 0 points = not 
analyzed or omission not justified). Therefore, the maximal possible score would 
17
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be 18 points. The reviewers agreed on the answers to most of these questions. 
Disagreements were resolved by consensus of a third reviewer (G.S.F.).
Data abstraction and quantitative data synthesis
Data were extracted by the first author (A.B.). The variables of interest during 
the sidestep cutting maneuvers were as follows: EMG, kinematic and kinetic data 
of the hip, knee and ankle joints. Authors of the included studies were contacted 
when data were incomplete. Based on the number of subjects and the standard 
deviation (SD), an effect size (ES) calculation was conducted for each of the vari-
ables. Cohen’s d values are reported as a measure of ES, where 0.2 ≤ d ≤ 0.5, 0.5 
≤ d ≤ 0.8 and d ≥ 0.8 represent a small, moderate and large effect, respectively.12
Results
Methodological quality and study characteristics
The searches in MEDLINE, CINAHL and EMBASE revealed, respectively, 210, 150 
and 282 studies of which 85 duplicates were removed leaving 557 studies. After 
reading the title and abstract of these 557 studies, 16 studies were eligible for 
inclusion and were assessed.6,7,13,16,21,26,28,29,31,33-35,40-42,47 Based on the assessment, 
nine studies were excluded: three did not meet the age criteria,26,28,29 three failed 
on the criteria for data reporting,26,31,41 two did not meet the activity of interest ,7,16 
two did not meet the gender criteria7,13 and one did not report our variables of in-
terest.40 Therefore, a total of seven studies were included in the review.6,21,33-35,42,47 
The results of the methodological quality assessment and subject and study char-
acteristics of these seven studies are presented in Tables 1 and 2.
On the methodological quality assessment scale from 0 to 18, the mean score 
was 14.4 (range 12–16). Kinematic, kinetic and EMG data and the results of the ES 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































One study showed greater peak hip flexion in women with an ES of 1.16.34 Both 
studies investigating hip abduction found smaller peak abduction of the hip for 
women, with the ES ranging from 0.87 to 0.90.34,42 One of two studies examining 
hip rotation found women to have significant smaller peak internal rotation with 
an ES of 0.82.34
Knee angles
No gender differences were found at initial contact (IC) for knee flexion, varus/
valgus or internal/external rotation angles. In one of two studies,6,34 men had 
significant greater peak knee flexion with an ES of 0.68.34 Two out of three stu-
dies6,34,42 found significant gender differences for peak knee valgus, however, only 
one of these two had a large ES, namely 0.99,6 in which women had greater values. 
One out of three studies6,34,42 found significant gender differences for peak rotation, 
in which women showed smaller peak internal rotation of the knee, ES 0.87.34
Ankle angles
One study examined ankle kinematics and found significantly greater peak prona-
tion angles for women, ES -0.94.34
Hip moments
No significant gender differences were found for any hip kinetic variables.
Knee moments
The external peak extension moment was smaller in women, with an ES of 0.93.47 
Two out of three studies33,42,47 found greater external peak knee valgus moments 
for women (ES 1.06–1.30).33,47 No gender differences were found for knee rotation 
moments. As external joint loads could potentially move a joint into a detrimental 
position, we have indicated the external loads in Table 4 for clarification.
Neuromuscular control
Two studies examined EMG activity.6,21 For the mean amplitude (% maximum 
voluntary isometric contraction) measured, the vastus lateralis (VL) was more 
active in women for both the preparatory (ES -0.67) and the loading phase (ES 
-1.06). The gluteus medius was more active in the loading phase in women, with 
a moderate ES of -0.55. The short-time mean frequency (STMF, measure of the 
mean frequency of the EMG signal over time48) at IC was lower in the VL (ES 0.99), 
Chapter 1
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the vastus medialis (VM) (ES 1.01) and biceps femoris (BF) of the women (ES 
0.81). The STMF integrals (area under the curve) for the stance phase were lower 
in women for the VL (ES 1.23), the VM (ES 1.13) and the rectus femoris (ES 0.86). 
Lastly, the BF timing of peak total intensity occurred earlier before IC in women 
(ES 0.86), whereas the tibialis anterior timing of peak total intensity occurred later 
after IC (ES -1.21). No significant gender differences were found for the other EMG 
variables (STMF integrals for the prestance phase and total intensity at IC) or for 
the other muscles.
Discussion
Biomechanical gender differences were of questionable clinical relevance. Qua- 
driceps dominance was not found in women during plant and cutting maneuvers. 
Furthermore, not all variables showing significant gender difference had an ES ≥ 
0.80, indicating insufficient power. No differences in gender were found for knee 
kinematics. Overall, there is inconclusive evidence whether there are biomechani-
cal and neuromuscular gender differences during these maneuvers.
Methodological quality
The methodological quality score ranged from 12 to 16. A specific checklist for 
the current topic of interest is not available to the best of the authors’ knowledge. 
Therefore, a combined checklist composed based on the applicable items from other 
available checklists was made (Consort checklist, PEDro scale, QUADAS).4,30,49 It 
is recognized that the specific checklist used for the current review is not tested 
for its reliability and validity; however, the used checklists are well reported and 
accepted tools for quality assessments. To add more insight into the strength of 
the relationship between the variables of interest, the ES were also calculated. 
The ES ranged between -1.30 and 1.23. The studies were heterogeneous in terms 
of subject and study characteristics and had low statistical power as a result of 
insufficient number of subjects.
Kinematics and kinetics
Three studies reported on kinematics6,34,42 and three on kinetics.33,42,47 Nine studies 
(of which seven had an ES ≥ 0.80) reported gender differences in hip, knee and 
ankle kinematics, whereas eight did not find any differences. The cutting angles 
varied between 35° and 60°, and the approach speed ranged from 3.04 m/s ± 5% 
to 5.5–7.0 m/s, which could explain in part the variability in results; an increase 
in approach speed of 0.3 m/s results in a 20% increase in maximum knee valgus 
Chapter 1
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moment.27 The early deceleration phase of the cutting cycle is considered the time 
in which the majority of non-contact ACL injuries occur.10 This is the point in the 
cutting cycle where a lot of force needs to be absorbed in a short time.
Sharper cutting angles require greater deceleration. Assuming that the harder 
the cut, the greater the peak posterior GRFs, which results in more strain on the 
ACL.11 In addition, sharper cutting angles probably result in a greater chance for 
injury, as the amount of external tibial rotation will be greater. Increasing the 
amount of external tibial rotation (from 5° to 13° in combination with a 8° valgus) 
results in ACL impingement.17 This impingement mechanism was suggested as a 
cause in team handball players who commonly injured their ACL during valgus and 
external tibial rotation movements near full knee extension to moderate flexion.38 
Furthermore, lower extremity motions have been evaluated in women performing 
unanticipated cutting tasks with angles between 45° and 90°.25 These researchers 
reported that hip internal rotation and knee internal rotation were increased during 
the 90° cut compared to the 45° unanticipated cut angle. Mean hip flexion was also 
greater in the 90° cut, indicating that the degree of cutting affects biomechanical 
variables. Interestingly, the same results have also been found in men.9 The ques-
tion remains therefore if the increase is gender related.
Looking more in detail, all but two variables had fairly small differences in hip, 
knee and ankle angles, ranging from 0° to 6.5°. Peak hip flexion (women, smaller) 
and peak knee valgus (women, greater) were found to have a relatively large 
gender difference of 10.9° and 10.05°, respectively, in only two studies.6,34 It is 
interesting to are governed by a combination of underlying bony geometric, laxity 
and tissue factors (which themselves demonstrate a degree of sex dependence), it 
is questionable whether these 0° to 6.5° gender differences are truly representing 
increased injury risk in women, especially if one realizes the possible measurement 
error due to skin movement.8,44,45
On kinetics, how could external peak valgus moments ranging from 0.006 to 
0.63 Nm/kg33,42,47 be the reason why women rupture their ACL more frequently 
than men, if at least 94-Nm valgus load is needed to rupture an ACL?36 The highest 
valgus torque possible for women based on these numbers is 47.94 Nm (0.63 Nm/
kg x 76.1 kg),33 safely within the safe zone of 94 Nm. However these numbers 
are based on in vitro measurements, we do not know for sure how much load it 
takes to rupture the ACL in in vivo situations. Factors as e.g. notch width, ACL size, 
hormonal influences and the 3D force rates in relation to contact time need to be 
considered. Therefore, a combination of in vivo, in vitro and modeling techniques 
will lead to improved understanding of injury risk.
The SD of the hip adduction and knee valgus moments are quite large for both 
genders (Table 4), the variance in this case seems therefore not to be gender 
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specific. More important is which strategy is used by an individual athlete to get the 
hip, knee and ankle joints in the right direction with respect to the GRF. The actual 
load at the knee is comprised of multiple factors, such as orientation of the leg and 
the GRF. Currently, it is not known whether there are optimal levels of variability 
and whether deviations from these optimal levels increase the risk of injury.46
Neuromuscular control
There were only two studies of interest found on EMG patterns during running-
and-cutting tasks.6,21 The two studies provided EMG variables at seven different 
instances during the task. There was a significant gender difference in four out of 
the seven variables for the VL activity, with one time an ES ≥ 0.80. Both men and 
women showed greater VL activity in two of the four variables. VM activity was 
significantly different between genders only two times, with women showing less 
VM activity in both variables (STMF at IC and STMF integral stance phase). Further-
more, RF activity was different only one time, with women showing less activity 
(STMF integral stance phase). Clearly, no statement can be made whether men 
or women show more pronounced quadriceps muscle activation during plant and 
cutting maneuvers. For the hamstrings, women showed less BF activity measured 
by STMF at IC and earlier BF activity measured by timing of peak total intensity 
(%). The outcomes do not seem to be related to the type of study (Hanson vs. 
Beaulieu). Mean EMG (% MVIC) during the loading phase was found to be higher 
in women than in men.21 Interestingly, EMG patterns of the quadriceps and ham-
strings found in this review during plant and cut tasks are different than mostly 
found during purely ‘sagittal directed’ tasks like walking and vertical jumping in 
which quadriceps dominance and/ or less hamstring activity has been reported 
in women.4,47 Also, the EMG data in this review do not show the same results 
compared to a review by Hewett et al.;24 they did report women to have lower 
gluteal activity and increased quadriceps activation. The tasks included in the cur-
rent review are different than (some of) the tasks analyzed by Hewett et al. This 
may indicate that neuromuscular differences may depend on the tasks examined.
Potential reasons for inconclusive results
Based on this review, biomechanical and neuromuscular gender differences during 
plant and cutting maneuvers remains inconclusive. The outcomes of the studies 
reviewed varied, even though we selected a specific task to study. The studies 
did score fair to good on the methodological quality assessment, but there was 
methodological heterogeneity (Table 2) that might cause the lack of consensus 
across the studies. First, the sports level of the included subjects ranged from 
recreational level to NCAA Division I. Some studies included players at a variety 
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of levels6,35,47 or from a variety of sports.34,35 Considering the difference in 
epidemiology, gender differences should be analyzed in the same populations in 
which injuries occur. In addition, different statistical methods were used and many 
studies had a low sample size (Table 2). Statistics and sample size have a great 
effect on results. The latter leads to low power and the risk of type II error. For 
example, if a difference of the means between two groups is considered clinically 
significant when it is greater than each group’s standard deviation, at least 16 
subjects are needed in each group to have 80% statistical power. Only the study by 
Hanson et al. had more than 16 subjects included in each group.21 Different motion 
analysis systems were used to collect data, and tasks were performed differently 
in the included studies that could explain variety in outcome.
Considerations and future research
This review study gives an objective overview of current research available on neu-
romuscular and biomechanical gender difference during plant and cutting maneu-
vers. The question raises whether ACL injuries during plant and cutting maneuvers 
are gender related. Differences were found, but what do these small differences 
mean from a clinical point of view? Do they truly represent increased injury risk 
in women? Does it mean women have to move like men in order to reduce injury 
risk? The continued isolated focus on gender has recently been questioned.32 In 
the 2008 report of Research Retreat on ACL injuries, it was stated that ‘‘it is time 
to move beyond the purely descriptive sex comparison studies that continue to 
dominate the literature and more critically examine the underlying causes for 
these differences and whether they truly reflect an increased injury risk for the 
physically active female’’. Even though those descriptive studies provide us with 
valuable information, cause-and-effect relationships are still not fully understood50 
and inferring injury risk from such assessments is questionable. The examination 
of biomechanical and neuromuscular contributions to injury risk should not be 
isolated and should extend beyond an isolated gender focus. We need to realize 
that men still have the largest number of ACL injuries.50 Each gender may have 
their own risk factors.3 Adding computer modeling and in vitro measurements will 
complement biomechanical studies and simulating what occurs during the injury 
event gives important information to identify high-risk athletes.32 Once this is 
better understood, more specific and individualized prevention programs can be 
developed. Frontal plane valgus collapse as well as sagittal and transverse plane 
biomechanical and neuromuscular factors contribute to ACL injury.2,43 Recently, the 
LESS score was introduced to quantify multiplanar landing mechanisms that could 
aid in our understanding of specific athletes at high risk.39
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Conclusion
This review found that biomechanical and neuromuscular gender differences during 
cut and plant tasks show mainly small differences of which the clinical relevance 
can be questioned. However, it should be noted that the ES was inconsistent. This 
may indicate that future studies with higher statistical power may change the 
conclusions as drawn from the current review. It is therefore advised that research 
moves beyond the isolated gender comparison and that larger sample sizes will 
be included. Our results cannot be extrapolated to other type of tasks. This review 
adds to the literature as to how to improve on designing experiments to draw valid 
conclusions, in order to direct future ACL injury prevention programs.
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Purpose What happens to the transference of learning proper jump-landing 
technique in isolation when an individual is expected to perform at a competi-
tive level yet tries to maintain proper jump-landing technique? This is the key 
question for researchers, physical therapists, athletic trainers and coaches 
involved in ACL injury prevention in athletes. The need for ACL injury pre-
vention is clear, however, in spite of these ongoing initiatives and reported 
early successes, ACL injury rates and the associated gender disparity have 
not diminished. One problem could be the difficulties with the measurements 
of injury rates and the difficulties with the implementation of thorough large 
scale injury prevention programs. A second issue could be the transition from 
conscious awareness during training sessions on technique in the laboratory 
to unexpected and automatic movements during a training or game involves 
complicated motor control adaptations. The purpose of this paper is to high-
light the issue of motor learning in relation to ACL injury prevention and to post 
suggestions for future research.
Conclusion ACL injury prevention programs addressing explicit rules regarding 
desired landing positions by emphasizing proper alignment of the hip, knee, 
and ankle are reported in the literature. This may very well be a sensible way, 
but the use of explicit strategies may be less suitable for the acquisition of the 
control of complex motor skills.34 Sufficient literature on motor learning and it 
variations point in that direction.
Key words: Motor control, explicit learning, implicit learning, knee injury
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Introduction
ACL injury prevention training strategies mainly focussing on warm-up, technique, 
balance, strengthening, and agility exercises have continued to evolve and represent 
an ever-increasing and equally important research focus.12,14,21-23,29,30,40,42,43,48,53,65 
Recent epidemiological data, however, suggest that in spite of these ongoing 
initiatives and reported early successes, ACL injury rates and the associated 
gender disparity have not diminished.2 The disparity between positive laboratory 
results and actual effects on injury outcomes suggests a missing link between 
current research outcomes and clinical applications for neuromuscular training 
interventions. One problem could be the difficulties with the measurements of 
injury rates and the difficulties with the implementation of thorough large-scale 
injury prevention programs. It is difficult to evaluate whether the preventive 
measure had any effect at all when we know very little about whether sports-active 
people have implemented or adopted information about preventive training or not. 
Another issue could be the fact that the transition from conscious awareness during 
training sessions to unexpected and automatic movements during a training or 
game involves complicated motor control adaptations. Post-intervention lower 
extremity positions and loading of the joint in the laboratory do not necessary 
reflect those on the field. The purpose of this paper is therefore to highlight the 
issue of motor learning in relation to ACL injury prevention and to post suggestions 
for future research.
Implicit versus explicit motor learning
Instructions can be effective in conveying goal-related information and educa-
tors commonly use them to teach and refine motor performance at all levels of 
skill.25 There are ACL injury prevention programs using instructions and addressing 
explicit rules regarding desired landing positions by emphasizing proper alignment 
of the hip, knee, and ankle.22,23,26,28,30,40,41,43,46,48,51-53 For example, the main goal 
of the neuromuscular training program of Holm et al. was ‘to improve awareness 
and knee control during standing, cutting, jumping, and landing’. The players were 
encouraged to focus on the quality of their movements with emphasis on the knee- 
over-toe position.26
This may very well be a sensible way, but the use of explicit strategies may 
be less suitable for the acquisition of the control of complex motor skills.34 It has 
been shown that instructions that direct performers’ attention to his or her own 
movements can actually have a detrimental effect on performance and learning 
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and disrupt the execution of automatic skills, particularly in comparison with an 
externally directed attentional focus.33,37,67-69 We want to emphasize that we need 
to make sure that a better landing technique after a jump happens automatically. 
Therefore, pre-programming with automatization with transfer for laboratory to 
field is most important.
The exact reasons for the beneficial effects of an external focus of attention are 
still relatively unclear. However, trying to consciously control one’s movements 
might interfere with the normal, automatic motor control processes, leading to a 
breakdown in the natural coordination of the movement.31,37
The performance and learning of motor skills has been shown to be enhanced 
if the performer adopts an external focus of attention (focus on the movement 
effect) com- pared to an internal focus (focus on the movements themselves).68 
In other words, implicit motor learning refers to the acquisition of a motor skill 
without the con- current acquisition of explicit knowledge about the performance 
of a skill that is normally processed in an automatic way, explicit motor learning 
does refer to acquiring motor skills with an internal focus and specific knowledge 
about the performance of a skill.34 Motor skills that are acquired explicitly tend to 
be less resilient under psychological7,18,19,31,39 and physiological fatigue,32,54 tend 
to interfere with the normal automatic processing of the motor schema,20,31 tend 
to be less durable5 and less robust66 when a fast response is required and explicit 
learning may be affected to a greater extent by an individual’s intelligence than 
implicit learning.17,45,57
Considering the benefits of implicit learning, we feel that in the prevention of ACL 
injuries, we need to discover the possibilities of this method as it may produce more 
stable solutions under stress, anxiety-provoking conditions and fatigued states. 
The research group McNair, Onate and Prapavessis set up an interesting series of 
research projects, in which they examined the effect of different types of feedback 
on jump landing technique and subsequent landing forces.36,49,50,55,56 The patterns 
shown in their results confirmed the theory mentioned earlier. They have compared 
technical instructions, visual feedback, auditory cues, and metaphoric imagery to 
controls. They first found that subjects can assimilate precise instructions related 
to the modification of lower limb kinematics and effectively and immediately low-
ered their ground reaction forces (GRF).36,50,55 However, in 2003 Prapavessis et al. 
found that the retention of these technical instructions is poor when the follow up is 
longer than 1 week.56 Continuing this research, Onate et al. concluded in 2005 that 
reviewing one’s own performance or one’s own performance plus an expert model 
is more useful than expert only modeling (i.e., viewing an expert model trained in 
proper landing technique) for increasing knee angular displacement flexion angles 
and reducing peak vertical GRF during landing. They therefore suggested that 
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visual feedback of one’s own performance or one’s own performance plus an expert 
model should be used in the implementation of instructional programs aimed at 
reducing the risk of jump-landing ACL injuries.49
Currently, we do not know yet at what age an injury prevention program should 
be implemented to reduce potential neuromuscular and biomechanical risk fac-
tors.64 From a motor learning standpoint, it is desirable that children at the young-
est age groups (age 6–12) develop correct playing techniques from the beginning 
on. This also gives ample time for movements to become automatized. However, 
children are at a relative low risk for injury, e.g., soccer is actually a safe sport for 
children.16 It seems therefore that spending effort, time, and money on implement-
ing preventive methods might therefore not be desirable and should potentially 
start from 12 to 14 years.44 But without calling it injury prevention (but e.g., 
exercises for performance enhancement44) in the younger age groups, enhanced 
body awareness will very likely already start and result in a more complete and 
accurate feeling of the body when learning certain movement skills.
Transfer from the laboratory to the field
The use of an explicit process is less efficient, attention-demanding, and slow.34 
Having to pay attention to the lower extremity is impossible as attention to the 
game, players and ball and fast acting is required. A high-cognitive task will be less 
robust during the game.
In the ACL injury enigma, psychological and physiological pressure or fatigue 
is an important factor. Myklebust et al. reported that athletes are at a higher risk 
of suffering an ACL injury during a game than during practice.43 Fatigue has also 
been proposed to be a contributor to non-contact ACL injuries.24,47,61 For obvious 
reasons, a game constitutes more psychological and physiological stress compared 
to a practice session. Especially in later stages of competition, fatigue may have 
a cumulative, unfavorable effect on neuromuscular control and may potentially 
result in hazardous movement strategies.35 The decreased capacity for controlling 
body movements after fatigue will potentially be more prominent when appropriate 
landing techniques have been taught in an explicit manner. Also, the possibility 
that implicit learning may immunize the athlete more against the often debilitating 
influence of psychological stress on motor output should not go unheeded.
In summary, extensively repeating the ideal movement that is explained and 
demonstrated might be too ‘cognitive’. As implicit learning has proven to be ef-
fective in establishing a certain movement goal or effect,37,62,67-69 we assume and 
propose that implicit motor learning might also be potentially beneficial for injury 
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prevention. Lowering chances of injury during a high performance task is an in-
tegrated part of that task itself. This implies that not only the interaction with the 
environment can be optimized but also the conditions within the body in terms of 
balance of joint loads for instance. This optimization could be achieved by assisting 
the athletes to find individual optimal performance patterns for given complex 
motor skills and to find an individual way, including its effective variations, to 
control the forces that belong to those complex tasks. In this paper, we would like 
to put forward that implicit learning could well be an effective way to let the brain 
and body of the athlete reach a condition in which performance is high, yet the 
chances of injury low.
Mirror neuron system
Implicit, observational learning, where imitation of what is shown plays an impor-
tant role, might be a good alternative in trying to reduce the ACL injury incidence. 
Imitation is the copying of body movements that are observed.8 A fundamental 
question with imitation is: ‘‘How does the observer’s motor system ‘know’ which 
muscle activations will lead to the observed movement if the observer does not 
see the underlying muscle activation in the actor?’’.8 It has been suggested that 
the mirror neurons resolve this correspondence problem by automatically mapping 
observed movements onto a motor program, thus leading to the widely held view 
that the mirror neuron system is crucial for imitation and observational learn-
ing.9,13,27,38,58-60 Mirror neurons are visuomotor neurons that fire both when an 
action is performed and when a similar or identical action is passively observed.59 
A template of the movement becomes active through the mirror neurons by which 
the movement itself becomes clear in terms of motor actions, without high cogni-
tive reflections.60 Mirror neurons mediate understanding of action because neurons 
that represent an action are activated in the observer’s premotor cortex. This 
automatically induced, motor representation of the observed action corresponds to 
that which is spontaneously generated during active action and whose outcome is 
known to the acting individual. An important functional aspect of mirror neurons is 
therefore their ability to link visual and motor properties. It is interesting to note 
that the amount of mirror neuron activation correlates positively when the athletes 
are already proficient in performing that skill.10 Also, stronger mirror neuron acti-
vation is found when observing the same gender.11 An additional prospective study 
showed that dancers who were initially naive to certain steps showed an increase 
in mirror activation over time when they received motor training in which they 
became skillful in performing the same steps.15
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Implications for ACL injury prevention and future 
research
The previously mentioned studies36,49,50,55,56 offer a direction for the development of 
a method of ACL injury prevention, based on implicit learning. They indicate that 
the solution to injury prevention is hidden in the brains of the subjects themselves. 
That solution needs to be awakened by a proper intervention of implicit learning. 
Since every brain and every body is different, the optimal solutions are also 
different. Future research should provide more detailed information on the way 
these solutions are linked to certain types of body architecture and motor control 
capacities. Long-term effects of visual feedback need to be explored. The results 
support the need for individualized visual augmented feedback using a self model 
to enhance jump-landing instruction and substantiates that this works best in the 
motor learning process.36 The ability for individuals to view themselves performing 
correctly or making mistakes and responding to the corrections is of greater value 
to individuals than is viewing an expert model performing the task correctly. 
One theoretical approach is that learning is a problem-solving process; the more 
involved the individual is in analyzing his or her own performance, the greater the 
learning value.1,63 With implicit learning the position of the knee will be part of the 
position of the whole body. The subject will explore and then select the solution 
that fits best in their body.
Preventive studies we have referred to in this article mostly contain exercises 
that improve performance and reduce injuries by improving strengthening and 
conditioning. From these investigations, we have learned that ACL injuries can 
be prevented by a combination of balance/coordination, strength, plyometric and 
agility exercises.3,4 Immediate feedback of someone’s own performance is an area 
which is still relatively unexplored and can aid in achieving long-term results. For 
laboratory studies, one’s performance could be recorded with a high-speed camera 
from a posterior view (in order to give the right perspective to the athlete). When 
using infrared camera’s and a force plate, 3D load at the knee can be calculated 
through inverse dynamics and the best performance so far can be presented to 
the subject without any explicit instructions on the lower extremity position. For 
on-field training, a simple camera could be used and with user-friendly software, 




The transition from conscious awareness during technique training sessions to 
unexpected and automatic movements during a training or game involves compli-
cated motor control elements that might not fit in explicit learning strategies.6 We 
therefore encourage to explore the use of implicit learning in ACL injury preven-
tion. Future ACL intervention programs may need to provide individualized visual 
instructional review of jump-landing technique to allow individuals to view how 
they personally perform the movement task and actively problem solve (by evalu-
ating the mistakes and corrections of their trials) to develop techniques, and find 
individual ways to achieve those techniques, to obtain proper jump-landing. There 
is a need for further development of the learning model of visual demonstration 
and real time feedback. At any rate, the effects of attentional focus on motor per-
formance not only provide interesting insights into the effectiveness of automatic 
control capabilities of the motor system, but they also have important implications 
for performance improvements in applied settings.
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Primary anterior cruciate ligament (ACL) injury prevention programs effectively 
reduce ACL injury risk in the short term. Despite these programs, ACL injury 
incidence is still high, making it imperative to continue to improve current 
prevention strategies. A potential limitation of current ACL injury prevention 
training may be a deficit in the transfer of conscious, optimal movement strate-
gies rehearsed during training sessions to automatic movements required for 
athletic activities and unanticipated events on the field. Instructional strategies 
with an internal focus of attention have traditionally been utilized, but may not 
be optimal for the acquisition of the control of complex motor skills required for 
sports. Conversely, external-focus instructional strategies may enhance skill 
acquisition more efficiently and increase the transfer of improved motor skills 
to sports activities. The current article will present insights gained from the 
motor-learning domain that may enhance neuromuscular training programs 
via improved skill development and increased retention and transfer to sports 
activities, which may reduce ACL injury incidence in the long term.
Key words: ACL, focus of attention, knee
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Introduction
Primary anterior cruciate ligament (ACL) injury prevention programs have been 
effective in the short term,17,34,44,46,62 but lack effectiveness in the long term. One 
cause could be the difficulty of retention and transfer of learned motor skills, such 
as precise alignment of the hip, knee, and ankle emphasized in proper landing 
positions. Learning new or improving motor skills can be conducted with the use 
of an internal focus of attention (focus on the movements themselves) or with an 
external focus of attention (focus on the movement effect),100 the latter being more 
suitable for acquisition of control of complex motor skills required for sport reinte-
gration.10 Gaining support from the training staff (i.e., coaches, athletic trainers, 
strength and conditioning specialists, and physical therapists) to implement and 
maintain injury prevention programs is imperative.40,62,63,88,89 We therefore strive to 
develop more effective and efficient50 training programs and present strategies to 
maintain the motivation of ACL injury prevention for athletes and coaches alike.85 
The purpose of this article is to present insights that may help to optimize current 
ACL injury prevention programs via increased retention and transfer of safe motor 
skills and to ultimately reduce the ACL injury incidence.
As outlined in this article, prevention training that includes instructions with 
an external focus of attention may increase compliance, as such training requires 
only periodic maintenance (is less time consuming), enhances skill acquisition 
more efficiently, and increases the transfer of improved motor skills to sport. A 
combination of more effective and efficient feedback techniques for ACL injury 
prevention training would be less attention demanding, improve skill retention and 
transfer to sport, and optimize program efficiency. The long-term outcomes of ACL 
injury prevention programs could be improved by incorporating instructions with 
an external focus or a combination of external- and internal- focus techniques.10
In the current article, we present insights gained from the motor-learning 
domain that have the potential to improve motor skill performance and may fa-
cilitate long-lasting prophylactic effects. Clinically applicable techniques that may 
be used to optimize adherence and training outcomes are presented, following 
a brief discussion of motor learning. In addition, we propose feedback training 
methods that enhance the ability of a coach or clinician to identify, evaluate, and 
target neuromuscular deficits that increase an athlete’s risk of injury. Exercises 
presented in the tables and figures focus on technique modification to decrease 
biomechanical risk factors for an ACL injury. The type, frequency, and timing of 
feedback examples provided in the tables are all related to the advantages of an 
externally directed focus of attention. Training staff can vary these exercises and 
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use sport-specific situations during the prevention program. As such, sport-specific 
situations will optimize the transfer to real game situations (eg., catching a ball).22
Motor learning
Motor learning is the relatively permanent acquisition of motor skills.80 Though 
motor skills vary widely in type and complexity, the learning process that individu-
als utilize to acquire these skills is similar. Fitts and Posner proposed 3 stages of 
learning, cognitive, associative, and autonomous.28 The cognitive stage is charac-
terized by the learner’s conscious attempt to determine what exactly needs to be 
done step-by-step. This requires considerable attentional capacity. The associative 
phase starts when one has acquired the basic movement pattern. The movement 
outcome is more reliable and the movements are more consistent, automatic, 
and economical. Once this is accomplished, more attention can be directed to 
other aspects of performance. After extensive practice, the performer reaches the 
autonomous phase, which is characterized by fluent and seemingly effortless mo-
tions. Movements are accurate, very consistent, and efficiently produced. The skill 
is performed largely automatically at this stage, and movement execution requires 
little or no attention.28
It is commonly believed that direction of the athlete’s attention to step-by-step 
components of a skill is necessary during the early stages of acquisition.9 The 
contention is that cognitive control (explicit knowledge) is a necessary phase that 
athletes must go through. It is in this stage that the athlete practices a new skill over 
and over to reach the autonomous stage or, in other words, automatic movement 
control. However, this view is not well supported in the literature.26 Repetition of 
the same movement patterns may be a suboptimal method compared to utilizing 
pattern variations,20 which can stimulate the brain to find optimal solutions to 
unanticipated events more effectively.
Focus of attention
Internal versus external
Instructions or feedback provided by practitioners during practice sessions is 
often directed to body movements (eg, “keep your knees over your toes”, “land 
with your knees flexed”, or “land with your feet shoulder-width apart”).60,72 In the 
motor learning domain this type of attentional focus is termed internal focus.97 
Conversely, an external focus of attention is induced when an athlete’s attention 
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is directed towards the outcome or effects of the movement (eg, ‘‘imagine sitting 
down on a chair when landing’).97 A simple change in the wording of instructions 
or feedback can have dramatic effects on motor performance and learning, but can 
also be employed with dyad training, (real-time) visual or sensory feedback, as is 
outlined in the section titled “Novel techniques to enhance motor learning”.
Over the past 15 years, research in motor learning has demonstrated benefi-
cial effects of instructions that induce an external focus of attention.93 First, an 
external focus of attention accelerates the learning process – or shortens the first 
stages of learning – by facilitation of movement automaticity (‘constrained action 
hypothesis’).101 Second, an external focus of attention enhances the production of 
effective and efficient movement patterns.95,98,104 Neuroimaging studies show that 
the premotor cortex is active even when no movements are generated.86 The pre-
motor cortex is known for its role in preparation and execution of movements and 
conscious attention to memorized movements. Therefore, attention to memorized 
movements may reduce the brain resources for movement control. This means 
that when a skill is learned with an external focus, more resources are available to 
pay attention to other game factors (i.e. other athletes, field conditions, and posi-
tion of the ball). Retention of newly learned motor skills may be enhanced with an 
external focus (eg. better balance,43,84 reduced peak vertical ground reaction force 
(vGRF), and increased knee angular displacement flexion angles during landing67) 
and provides superior resilience against fatigue48,73 and stress.31,49,68
A constant focus on the (same) performance during each training session may 
also reduce the athlete’s motivation dur- ing the course of the program.53 Secondly, 
using instructions with an internal focus may hamper the transfer of new skills 
to more automatic performance during sports.8 Internal-focus feedback induces 
conscious control of one’s movements, which may interfere with the normal, auto-
matic motor control processes and lead to a breakdown in the natural coordination 
of the movement.32,56 In addition, learning tasks with an internal focus appears to 
make an individual more vulnerable to “choking under pressure” due to psychologi-
cal and physiological stress.48,73
Training schedule
To enhance the effectiveness of methods of external focus of attention in ACL in- 
jury prevention programs, it is important to consider the feedback schedule. The 
frequency of feedback is an important consideration. A high frequency of feedback 
that promotes an external focus has been shown to be superior to a low feedback 
frequency in guiding athletes to the correct movement-pattern technique.94 This is 
in contrast to the feedback that induces an internal focus, in which a high frequency 
was shown to be detrimental to learning.
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Self controlled learning, in terms of an athlete’s choice to request feedback, is a 
powerful tool in motor learning.101 There is evidence that giving the athlete some 
control over a practice session (i.e., an active role in deciding when to receive 
feedback) may enhance motor skill learning in comparison with prescribed train-
ing schedules.3,18,20,101 Interestingly, athletes often have a relatively strong sense 
of how well they perform.19 This so-called “self-controlled practice” has generally 
been assumed to initiate a more active involvement of the athlete, enhancing 
motivation and increasing the effort invested in practice.4,16,19,39
Clinical examples
Most of the existing ACL injury prevention programs employ several different training 
components, ranging from plyometrics to balance training to strength training. As 
such, we have a limited appreciation of how these components act individually and 
in concert, which may limit both the efficiency and efficacy of these interventions.2 
The clinical examples in this section are based on cumulative evidence of 2 key 
components that make up effective ACL injury prevention programs,61 namely 
balance and plyometrics. Additional examples for review and comparison are 
provided in Table 1 and Figures 1 through 4. These examples illustrate how the 
focus of attention can be altered from internal to external by a simple change in 
instructions. This simple technique does not need specialized equipment and can 
be applied to multiple athletes at the same time. Simple instructions are best, 
because complex feedback can hamper motor learning.47
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Table 1. Comparison of verbal instructions with internal and external focus
Type of exercise Instruction with internal focus Instruction with external focus




Keep your balance by stabilizing 
your body
Keep the bar horizontal
Single leg squat 
(Figure 2)
Stand on 1 leg and slowly bend 
your knee while keeping your knee 
over your foot
Stand on 1 leg and reach slowly 
towards the cone with your knee 
while bending your knee
Single leg hop for 
distance73 (Figure 3)
Jump as far as you can, while 
jumping, focus on extending your 
knees as rapidly as possible
Jump as far as you can, while 
jumping, focus on jumping as close 
to the cone as possible
(Walking) lunges 
(Figure 4)
Lunge slowly at an even pace. Bend 
your hips and knees until your 
leading knee is flexed to 90°. Keep 
your front knee on top of your foot 
and prevent buckling inward with 
this knee.
Lunge slowly at an even pace while 
pretending like you are having a 
plank on your back point your knee 
towards an imagery point in front of 
you / reach slowly towards the cone
Double leg squat Bend your knees, while keeping 
your knees over your feet
While bending your knees, reach 
towards the cones with your hands 
and point your knees towards the 
cones
Pretend that you are going to sit on 
a chair while keeping a ball between 
your knees
Double leg drop 
jump45
Jump down from a 30cm box, land 
with your feet at shoulder width 
and bend your knees while keeping 
knees over toes
Jump down from a 30cm box, land 
on the markers on the floor and put 
your toes and knees towards the 
cones
Vertical jump with 
Vertec93,94,101
Jump as high as you can, while 
concentrating on the tips of your 
fingers, reaching as high as 
possible during the jumps
Jump as high as you can, while 
concentrating on the rungs of the 
Vertec/ball, reaching as high as 
possible during the jumps.
Jump as high as you can, push off 
against the ground as forcefully as 
possible and pretend like you have to 
hold a ball between your knees
Counter movement 
jump45
Jump as high as you can, reach 
your fingers as high as you can




Run 4 to 5 steps straight ahead, 
while changing direction and 
making the cut, move your trunk 
forward, bend your knee, and keep 
your knee over your toe
Run 4 to 5 steps straight ahead, 
while changing direction and making 
the cut, try to make a fluent motion 
and point your face and toes toward 




Figure 1. Comparison of instruction to reduce knee valgus motion during a balance task using 
(A) an internal focus (“keep your balance by stabilizing your body”) and (B) an external focus 
(“keep the bar horizontal”). 
Figure 2. Comparison of instruction to reduce knee valgus motion during a single leg squat with 
(A) an internal focus (“keep your knee over your foot.”) and (B) an external focus (“reach 
towards the cone with your knee.”). 
A B
A B
i re 1. Comparison of instruction to reduce knee valgus motion during a balance task 
using (A) an internal focus (“keep your balance by stabilizing y ur body”) and (B) an 
ext rnal focus (“keep the bar horizontal”).
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Figure 1. Compariso  of instruction to reduce knee valgus motion during a balance task using 
(A) a  inte nal focus (“keep your balance by stabilizing your body”) and (B) an external focus 
(“keep the bar horizontal”). 
Figure 2. Comparison of instr cti n to reduce knee valgus motion during a single leg squat with 
(A) an internal focus (“keep your knee over your foot.”) and (B) an external focus (“reach 
towards the cone with your knee.”). 
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Figure 2. Comparison of instruction to reduce knee valgus motion during a single leg 
squat with (A) an internal focus (“keep your knee over your foot.”) and (B) an external 
focus (“reach towards the cone with your knee.”).
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Figure 3. Comparison of instruction to reduce knee valgus and increase knee and hip flexion 
motion during a single leg hop for distance with (A) an internal focus (“jump as far as you can, 
while jumping, focus on extending your knees as rapidly as possible.”) and (B) an external focus 
(“jump as far as you can, while jumping, focus on jumping as close to the cone as possible.”). 
Figure 4. Comparison of instruction to reduce knee valgus motion during lunge with (A) an 
internal focus (“keep your knee over your foot.”) and (B) an external focus (“reach towards the 
cone with your knee.”). 
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Figure 3. Comparison of instruction to reduce knee valgus and increase knee and hip 
flexion motion during a single leg hop for distance with (A) an internal focus (“jump as 
far as you can, while jumping, focus o  extending your knees as rapidly as possible.”) 
and (B) an external focus (“jump as far as you can, while jumping, focus on jumping as 
close to the cone as possible.”).
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Balance has an important role in ACL injury prevention. For example, increased 
balance is important for handling impact forces.59 Recent evidence has shown that 
center of pressure control could be improved with an external focus of attention, 
such as instructing an athlete standing on a balance disc to keep a bar horizontal 
instead of keeping the disc horizontal.99
Plyometrics
Two recent studies found that an external focus of attention resulted in higher 
jump-and-reach heights, more force production, and more center-of-mass dis-
placements (more knee flexion) compared to using an internal focus of atten-
tion.45,95 The common element within these external instructions was to focus on 
an external object (a Vertec vertical jump trainer (JUMPUSA, Sunnyvale, CA) or 
a hanging ball) to shift the attention away from the body, whereas the internal 
instructions were directed to the body (concentrating on fingers reaching as high 
as possible).
In summary, athletes should experience feelings of success to optimize the 
learning process of new motor skills, which can be reinforced with positive feedback 
after successful trials. It is theorized that athletes have a preference to receive 
positive feedback, which supports the motivational influences on motor learning. 
Motor learning with an external focus has proven to be effective in the establish-
ment of a certain movement goal or technique result (eg, free throw, tennis serve, 
or golf swing).81,100 However, in ACL injury prevention training, learning safe move-
ment patterns is itself the goal. Recent literature in jump and landing performance 
shows that movement form can be improved when using an external focus of 
attention, illustrated by greater knee flexion angles,45,66 more center-of-mass dis-
placement,103 lower peak vGRF,55,67,92 and improved neuromuscular coordination.96 
These findings are promising, as improved landing technique and increased jump 
performance yield an optimal outcome, reducing ACL injury risk without a reduc-
tion in performance.11 Recent research in patients post–ACL reconstruction showed 
that an external-focus group had significantly larger knee flexion angles at initial 
contact, peak knee flexion, total range of motion, and time to peak knee flexion for 
the injured legs compared to a group using an internal focus of attention, which 
subsequently may help to reduce second ACL injury risk.29 This is a research area 
that needs to be explored further to better define program variables, including the 
content, frequency, and timing of feed- back, to improve the effectiveness of ACL 
injury prevention protocols.
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Novel techniques to enhance motor learning
In the following sections examples are given of how dyad training, video feedback 
and video simulation (video overlay of movement patterns), real-time visual feed-
back, and inertial sensor-based real-time feedback can be applied in a training 
situation.
Dyad training
Providing the athlete with a visual example (dyad), such as a peer athlete performing 
the task with desired movement patterns can enhance the effectiveness of feedback 
and training methods.56 This is important, as coaches may not be willing to allocate 
excessive time to prevention training if direct gains in performance are not achieved 
or if it detracts from skill and strategy components of practice. In particular, a 
combination of observation and practice can result in more effective and cumulative 
learning than either type alone.82,84 For example, balance on a stabilometer was 
measured in healthy university students by keeping the platform horizontal for as 
long as possible during each 90-second trial.84 Proficiency was expressed by the 
root-mean-square error, with the 0° position (platform in the horizontal position) 
as the criterion. The results indicated that alternating between practice forms 
(dyad alternating group: alternating between physical, observational, and dialog 
practice on each trial) with a partner was more effective in retention and transfer 
tests than individual practice. It is intriguing to note that the benefits of dyad 
training transfer to situations in which participants have to perform the retention 
trials individually. For example, after a 7-week balance training program, healthy 
participants demonstrated decreased vGRF during landing from a single-leg jump.59 
Decreasing the impact forces might help in the reduction of ACL injury risk, as the 
magnitude and direction of the vGRF are key components to knee load associated 
with ACL injury.35 Practice in dyads can have additional learning advantages due 
to social interaction and competition, which can enhance motivation.30 Practicing 
with another person in an interactive way may encourage athletes to set goals at 
a higher level of difficulty, as they will “compete” with a peer.42,91 For example, 
an athlete tries to match a deeper knee flexion subconsciously during a single-
leg squat as performed by the other athlete. Finally, training with a partner and 
sharing learning strategies might increase the athlete’s feeling of responsibility for 
involvement in the learning and treatment process.56
Clinical examples of dyad training
An effective way to practice dyad training with peers is to alternate roles during an 
exercise (Tables 2 and 3).84 The examples given are targeted to enhance move-
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ment forms often related to ACL injury.41,65 Changing the role of observer and 
performer, as indicated in Table 2, will enhance retention and transfer,82,84 which 
are key elements for effective ACL injury prevention strategies.10









In this pair-exercise, one of you is 
performing single-leg hopping forwards 
and from side to side and ending in landing 
on 2 feet. The other player is observing the 
performance of the teammate. This will be 







In this pair-exercise, one of you is 
performing the running and plant 
exercise while the other is observing the 
performance of the teammate. This will be 





Table 3. Progression of dyad training exercises
Type of Exercise Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Sets Reps Sets Reps Sets Reps Sets Reps Sets Reps
2 6 2 6 2 3 2 3 1 3
Single-leg hops with 
2-feet landings
4 sets of 
feedback
2 sets of 
feedback
2 sets of 
feedback
2 sets of 
feedback
1 set of 
feedback
Running and plant 4 sets of 
feedback
2 sets of 
feedback
2 sets of 
feedback
2 sets of 
feedback
1 set of 
feedback
Video feedback
Observational learning is an effective way to enhance motor skill learning.52 With 
observational learning, as in video feedback, imitation plays an important role. 
Imitation, (copying body movements that are observed)14 can activate the mirror 
neurons which in turn may automatically map observed movements onto a motor 
program.15,38,57 Mirror neurons are visuomotor neurons that fire when an action is 
performed and when a similar or identical action is passively observed.78 Therefore, 
an important functional aspect of mirror neurons is their potential to link visual 
input with motor output.
Verbal and visual instructions and feedback have been used with the goal to 
modify movement technique.66,67,74 Verbal and visual feedback are used in an effort 
to reduce landing forces and enhance movement patterns. Both verbal and self-
video feedback were tested during a jump-landing task in which participants were 
instructed to stand directly behind the force plates and jump as high as they could, 
touching a Vertec vertical jump trainer with their dominant hand.67 The group that 
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received both verbal and self-video feedback significantly reduced their peak vGRF 
compared to the sensory (instructed to self-analyze jumps using sensory (internal) 
experience) and control (no internal or external feedback) groups.
Clinical examples of video feedback
The use of video feedback improves lower extremity dynamics during jump-landing 
activities and appears to be an easy and effective tool for use in almost any clinical 
setting with widely available high-definition camcorders,25,66,70 or applications for 
cell phones or tablets (eg, Ubersense, Dartfish, Coach’s Eye, or BaM Video Delay). 
Video feedback can be used individually to target each individual needs or a group 
of athletes. For example, a video of one athlete on the team who demonstrates 
good performance of a drop jump after catching a basketball would be shown to all 
guards of the team as an example of “expert video,” such that the athlete captured 
would see a video of himself as the target performance, and the other athletes 
would see a video of a model (their teammate) as the target performance. The 
clinical examples of video feedback are presented in Tables 4 and 5.








Ball or Vertec 
instrument
Together we will review a checklist describing 
your motion and compare the expert model 
landings with yours. You will be allowed to 
discover the correct movement patterns 
and decide how yours relates to the one of 
the expert. Together we will discuss how to 
improve your movement pattern performance.
Post 
movement
After every 3 
trials
Table 5. Progression of exercises with video feedback
Type of Exercise Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Sets Reps Sets Reps Sets Reps Sets Reps Sets Reps
2 6 2 6 2 3 2 3 1 3
Jump-landing task with 
Jump-Ball or Vertec 
instrument
4 sets of 
feedback
4 sets of 
feedback
2 sets of 
feedback
2 sets of 
feedback
1 set of 
feedback
Visual simulation-video overlay of movement pattern
Game-assisted motor-learning applications have great potential to optimize motor 
learning.6 Video feedback can be used for improvement of certain sport specific ex-
ercises. When learning models are shown using a video-based tool during practice, 
athletes can exercise at different levels of difficulty to enhance their motor skills. 
Observation of an unskilled (learning) model, as well as observing oneself, can be 
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effective.75 For a model to be effective, the model does not have to be an expert 
performer; the observation of a lower-skilled athlete can have a beneficial effect 
on learning.33,51 McCullagh and Meyer51 showed that viewing either a correct model 
or learning model (a model with sub-optimal technique) was equally effective in 
learning correct form in a double legged squat. Observation of a skilled model 
may facilitate the development of a correct movement representation; however, 
observation of another athlete with the same skill level may help athletes to better 
identify movement deficit and to develop strategies to correct their own errors. 
One theoretical approach to support this contention is that learning is a problem-
solving process; the more an individual is involved in visual evaluation of his or 
her own (or somebody else’s) performance, the greater the learning value.1,83 A 
software package for motor learning by comparative visualization (VizMo) has 
been developed (Figure 5A) and is currently being utilized as a research tool. For 
a given exercise, a learning model matching the body dimensions of the athlete 
is shown, as well as the athlete’s body contour. The contour of the model (i.e., 
the goal pattern) works like a target for the athlete by instructing the athlete 
to replicate the model’s movement as closely as possible. A “realistic” feeling is 
created and whole-body awareness is stimulated (embodied cognition). A score 
in terms of percentage overlap is shown to the athletes, which allows them to 
compare their performance with the performance of the model. The premise is that 
mirror neurons are crucial in imitation and observational learning.77-79 The most 
important difference between VizMo and a Wii Balance Board (Nintendo Co, Ltd, 
Kyoto, Japan) or an Xbox Kinect (Microsoft Corporation, Redmond, WA) is the over-
lay method, which makes it possible for athletes to compare their performance, in 
real time, with that of an anthropometric matched model. The innovative feature is 
that athletes receive individual feedback (depending on their own overlay with the 
model), and, to the authors’ knowledge, this is the first tool to apply this concept. 
Preliminary research shows promising results such as a softer landing technique in 
a VizMo group compared to a control group. However future research would need 
to further define and improve the clinical utility of this metric.
Clinical examples of visual simulation-video overlay of movement pattern
For each level of exercise, a learning model (with 3 different levels, ranging from 
fair to good to excellent) is shown to the athlete. Knowledge of results is presented 
by showing the contour of the model (goal pattern) as well as the contour of the 
athlete in an overlay video (Figures 5A and 6). The model as well as the athlete 
are shown in the same perspective (from the back). While looking at the screen, 
the athlete “steps into” the template of the model and is instructed to reproduce 
the goal movement pattern as accurately as possible to improve the percentage of 
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overlap on subsequent trials.13 The goal for the athlete is to achieve 100% overlap 
with the movements of the model. This program can be part of regular training 
(Figure 5B), with only a laptop and camera needed. Athletes practice for 2 weeks 
per level, and, based on evaluation of the learning curve (i.e., percentage overlap) 
athletes can move on to the next level. Examples of exercises are provided in Table 
6 and 7. 
Figure 5. Custom-developed software package for the visualization of movements for motor 
learning (VizMo). A close-up of feedback of landing after a double legged drop vertical jump is 
shown in this figure. (A) The athlete views the video overlay of himself or herself and the model 
from the back. (B) The actual setup in the lab during a training session of the single-leg hop. 
Figure 6. Screen shot from video overlay of video taken with VizMo from single leg squat (Phase 
1) (A) and double legged jump landing rebound task (Phase 2) (B). White contour is the model. 
Gray figure is the actual performance of the athlete. Athlete sees him-/herself from posterior 
and is instructed to maximize the overlap with the model. 
A B
BA
Figure 5. Custom-developed software package for the visualization of movements for 
motor learning (VizMo). A close-up of feedback of landing after a double legged drop 
v rtical jump is shown in this figur . (A) The athlete views the vid o overlay of himself 
or herself and the model from the back. (B) The actual setup in the lab during a training 
session of the single-leg hop.
Figure 6. Screen shot from 
video overlay of video taken 
with VizMo from single leg 
squat (Phase 1) (A) and 
double legged jump landing 
rebound task (Phase 2) (B). 
White contour is the model. 
Gray figure is the actual 
performance of the athlete. 
Athlete sees him-/herself 
from posterior and is in-
structed to maximize the 
overlap with the model.
Chapter 3
62




Instruction Timing Feedback 
frequency
For all 5 
exercises 
(Table 8)
Starting with this practice session you will see a 
model performing the exercise. After practicing this 
movement, you will see a video-overlay of the goal 
movement pattern performed by the model and your 
actual pattern of movement. Try to increase this 
percentage by maximizing the overlap (Figure 5).
Post 
movement
Minimum of 5 




Table 7. Progression of exercises with visual simulation-video overlay
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Sets Reps Sets Reps Sets Reps Sets Reps Sets Reps
3 10 3 10 3 10 3 10 3 10
Lunge or single 
leg squat (Figure 
6A)
Double leg jump 
landing rebound 
task (Figure 6B)
Single leg hop Side-cut Side-cut + shot 
+ followed by 
landing on two 
legs
Real-time visual feedback
Real-time feedback has a positive effect on task performance and influences motor 
memory, allowing for the successful performance of subsequent trials.5,69 Recent 
studies reinforce the concept of providing real-time feedback.7,21,64 A 3-D motion-
analysis system was utilized to provide real-time feedback during gait to modify 
kinematic and kinetic factors related to different types of knee pathology.7,64 As 
it is widely available and inexpensive, real-time visual feedback can be simply 
employed by the training staff through the use of a Wii Balance Board or Microsoft 
Xbox Kinect with customized software.54,90 Studies show improved balance, sym-
metrical weight distribution, and enjoyment when using these interactive gaming 
tools, in both healthy athletes as well as those rehabilitating from lower-limb 
injuries.54,87,90 More importantly, they can be used to heighten athletes’ interest 
and compliance and can possibly be used as a part of a home exercise program.12 
Given these results, we assume that the display of real-time 3-D motion analysis 
is an effective method to improve the success of interventions aimed at prevention 
of ACL injuries.
Clinical examples of real time visual feedback
Real-time visual feedback techniques can be used to reduce high knee valgus 
moments, which have been shown to be a risk factor for ACL injury.35 The novel 
training techniques (Table 8) with feedback added consist of progressive increases 
in the intensity of the exercises while decreasing the frequency of the external 
feedback (Table 9) to enhance overall motor skill learning.5,69 The specific feedback 
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is displayed in real time on a large display positioned in front of the athlete, using 
software from C-Motion, Inc (Visual3D; Germantown, MD) (Figure 7). The athletes 
see themselves in the same perspective (from the back) and only have to “step 
into” their skeleton avatar on the screen. Knee valgus moment or angle is displayed 
in real time for selected exercises (Figure 8). To simplify the cognitive demand to 
process the real-time feedback, knee valgus moment and posture are displayed 
in bar-chart format, with a range relative to a “safe” torque or posture. Feedback 
is provided in real time for the slower type of exercises, whereas feedback is pro-
vided immediately after the faster type of exercises (Table 8). The postmovement 
feedback of dynamic movement is presented, similar to slower movement data 
as described earlier; however, the focus is transitioned to review the completed 
performance of the entire exercise sequence over time.
Table 8. Instruction and feedback methods for real time visual feedback
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Slower Technique
Double leg squat Double leg squat 
arms front
Double leg squat 
arms chest
Double leg squat 
arms up
Double leg squat 
deep
Step hold Jump single leg 
hold
Hop hold Hop hop hold Crossover hop hop 
hold







Lateral jump and 
hold
Lateral jumps Lateral hop and 
hold
Lateral hops X-hops










Side to side 
barrier tuck jumps
Side to side reaction 
barrier tuck jumps
Table 9. Progression of exercises with real time visual feedback. Exercises modified 









Perform deep squat with thighs parallel to 
the ground (Figure 8). Observe the skeleton 
and bar chart feedback and keep the signal 








Step hold Perform a single leg step and balance on 
the leg with deep knee flexion. Observe the 
skeleton and bar chart feedback and keep 













Instruction Timing Feedback 
frequency
Front lunge Perform a front lunge and hold for 3 
seconds. Observe the skeleton and bar chart 












Perform a double leg lateral jump and hold 
with knee flexion. Observe the skeleton and 
bar chart feedback    following the exercise 
and attempt to keep the signal within the 









Lunge jumps Perform a series of lunge jumps. Observe 
the skeleton and bar chart feedback 
following the exercise and attempt to keep 












Perform a tuck jump. Observe the skeleton 
and bar chart feedback following the 
exercise and attempt to keep the signal 










Figure 7. Example of drop vertical jumps with real time feedback to improve knee valgus 
motion using Visual3D software (C-Motion, Inc, Germantown, MD). Static trial (A) is initially 
collected in a neutral pose and then drop vertical jumps (B) are collected prior to any feedback. 
Feedback exercise is described in detail. (C) and then the athlete is oriented to the feedback 
monitor and data curves (D). Exercises are performed while athlete attempts to keep knee 




Figure 7. Example of drop vertical jumps with real time feedback to improve knee 
valgus motion using Visual3D software (C-Motion, Inc, Germantown, MD). Static trial 
(A) is initially collected in a neutral pose and then drop vertical jumps (B) are collected 
prior to any feedback. Feedback exercise is described in detail (C) and then the athlete 
is oriented to the feedback monitor and data curves (D). Exercises are performed while 
athlete attempts to keep knee valgus moment or angle within the goal region (E).
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Figure 8. Close-up of feedback during a double-leg squat, with knee valgus moment or angle is 
displayed in real-time using Visual3D software (C-Motion, Inc, Germantown, MD). 
Figure 8. Close-up of feedback during a double-leg squat, with knee valgus moment 
or angle is displayed in real-time using Visual3D software (C-Motion, Inc, Germantown, 
MD).
Inertial sensor-based real-time feedback
Inertial sensor-based feedback (Physilog; Gait Up, Lausanne, Switzerland) is meant 
to be provided in a variety of environmental settings.23,24,27,71,76 The feedback may 
consist of haptic feedback (vibratory buzzers placed near the knee such that the 
athlete can feel the vibration response when he or she reaches an acceptable 
amount of knee flexion), auditory feedback (beeping when the athlete completes 
an exercise properly), or visual feedback (graphs displayed on a mobile device 
such as a tablet or a smart- phone to indicate progression) (Figure 9).23 In addi-
tion, the system can deliver simple instructions to athletes based on their move-
ments, such as “land more softly”.23 This type of feedback is effective in reducing 
the knee abduction moment and increasing the knee and trunk flexion angles 
during drop-jump landing.23 All of the feedback and instructions for the athlete are 
encompassed in the feedback system, which make it completely independent. In 
this way, the training staff can oversee multiple athletes using these systems at 
one time, while the athletes receive individualized instruction.
Clinical example of inertial sensor-based real time feedback
A training program using inertial sensor-based feedback is structured to fit into 
a team practice or training session. The training staff brings 1 to 3 measurement 
and feedback systems to the session, and over the course of the practice each 
athlete spends 10 to 15 minutes training with the system. In this way, each athlete 
does not need to spend extra time outside of practice to use the system, and 
practice does not have to be disrupted for a specific injury-prevention training 
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program. After the initial sessions, the athletes can choose how often to receive 
the feedback, similar to the examples previously described. The exact timing of the 
feedback is dependent on the type of exercise the athlete is currently completing. 
For fast exercises (jumping, cutting, etc.) the feedback is given immediately after 
the movement has been completed (Figure 10), similar to the real-time visual 
feedback described earlier.23 For slow exercises (deep squats, single-leg squats, 
etc), the athletes are given real-time feedback so that they can adjust their move-
ments to properly complete the exercise (eg., continuing a squat until a specific 
knee flexion angle has been achieved). 
<< Figure 9. Chapter 3 >> Example visual feedback for a training session for one athlete. For 
each measured parameter, blue circle indicates first measurement during training session, red 
triangles indicate subsequent measurements and black X indicates most recent measurement. 
Green shading indicates low risk range.24 Feedback is given after double leg drop jump to 
improve parameters related to ACL injury risk (knee and trunk flexion angle) while maintaining 
performance (jump height). 
Figure 9. Example visual feedback for a training session for one athlete. For each 
measured parameter, blue circle indicates first measurement during training session, 
red triangles indicate subsequent measurements and black X indicates most recent 
measurement. Green shading indicates low risk range.24 Feedback is given after double 
leg drop jump to improve parameters related to ACL injury risk (knee and trunk flexion 
angle) while maintaining performance (jump height). 
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Figure 10. Feedback parameters for an athlete during a jump wearing small inertial 
measurement units (Physilog; BioAGM, La Tour-de Peilz, Switzerland) (A). Physical description of 
knee flexion angle, trunk lean, and thigh coronal angular velocity (B). Characteristic feature 
extracted from time series of each parameter. Figures above graph illustrate jump sequence and 
gray box indicates stance phase.24 Reprinted by Permission of SAGE Publications. 
A
B Figure 10. Feedback parame-
ters for an athlete during a jump 
wearing small inertial measure-
ment units (Physilog; BioAGM, La 
Tour-de Peilz, Switzerland) (A). 
Physical description of knee flex-
ion angle, trunk lean, and thigh 
coronal angular velocity (B). 
Characteristic feature extracted 
from time series of each param-
eter. Figures above graph illus-
trate jump sequence and gray 
box indicates stance phase.24 
Reprinted by Permission of SAGE 
Publications.
Conclusion
Adoption of an external focus of attention may enhance automatic movement con-
trol and improve performance.10 According to the “constrained action hypothesis,” 
a focus on the movement effect (i.e., external focus) promotes the utilization of 
unconscious or automatic processes, whereas a focus on the movement itself (i.e., 
internal focus) results in a more conscious type of control that constrains the 
motor system and disrupts automatic control processes, as it focuses the athlete’s 
attention on his or her own body movements.37 For example, encouraging athletes 
to improve awareness and knee control during standing, cutting, jumping, and 
landing (an internal focus),36 may not be optimal for the acquisition of fast and 
complex motor skills. Emphasizing proper alignment of the hip, knee, and ankle 
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during landing, as ACL injury prevention programs often do, might actually have 
a detrimental effect on performance and learning, and disrupt the execution of 
automatic skills, particularly in comparison with an externally directed focus of 
attention.49,102
Adoption of instructions that induce an external focus therefore has important 
implications for ACL injury prevention, given the high retention and transfer rate of 
external focus. A better landing technique after jumping needs to occur automati-
cally during training or a game, and therefore preprogramming with automatization 
for transfer from laboratory to field is most important.10
Motor learning with an external focus is effective in establishing safe move-
ment technique. The development of such novel feedback techniques for ACL 
injury prevention therefore seems promising. This can be accomplished by using 
real-time video feedback or dyad training with observation of oneself or a model, 
while using positive, externally focused feedback to enhance jumping and landing 
performance. While most of our mentioned examples are relatively easy to apply, 
we realize that the use of video overlay or sensor technology may not be readily 
available for use on the field. A relatively small investment in time and money for 
ACL injury prevention programs benefits a team significantly in the long term.70 
Further research and development are in progress to make this technology widely 
available.
To increase evidence, future research should focus on which, if any, combina-
tions of the presented novel techniques work best, create the least dependence 
on feedback, and yield a good transfer to the field. As such, investigations are 
necessary to determine how the stimulations (i.e., feedback) work, at what age 
they work best, and which one (or combination) results in the best retention and 
transfer to the field. In ACL injury prevention, the movement itself is the goal, 
and optimization of movement technique is part of the enhanced performance. 
The solution to injury prevention is grounded in the neuromechanics (i.e. the 
interaction of the brain and muscles to produce coordinated movements in differ-
ent conditions) of the athletes. That solution needs to be stimulated by a proper 
intervention of motor learning that begins early in life. Because every brain and 
body is different, the optimal solution is also likely to be different and needs to be 
individually tailored to athletes.
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Purpose Adding external focus of attention (EF, focus on the movement ef-
fect) may optimize current anterior cruciate ligament (ACL) injury prevention 
programs. The purpose of the current study was to investigate the effects of an 
EF, by a visual stimulus and an internal focus (IF), by a verbal stimulus during 
unexpected sidestep cutting in female and male athletes and how these effects 
remained over time.
Methods Ninety experienced basketball athletes performed sidestep cutting 
maneuvers in three sessions (S1, S2 and S3). In this randomized controlled 
trial, athletes were allocated to three groups: visual (VIS), verbal (VER) and 
control (CTRL). Kinematics and kinetics were collected at time of peak knee 
frontal plane moment.
Results Males in the VIS group showed a larger vertical ground reaction force 
(S1: 25.4±3.1 N/kg, S2: 25.8±2.9 N/kg, S3: 25.2±3.2 N/kg) and knee flexion 
moments (S1: - 3.8±0.9 Nm/kg, S2: -4.0±1.2 Nm/kg, S3: -3.9±1.3 Nm/kg) 
compared to the males in the VER and CTRL groups and to the females in the 
VIS group (p<0.05). Additionally, the males in the VIS group reduced knee 
valgus moment and the females in the VER group reduced knee varus moment 
over time (n.s.).
Conclusion Male subjects clearly benefit from visual feedback. Females may 
need different feedback modes to learn a correct movement pattern. Sex 
specific learning preferences may have to be acknowledged in day by day prac-
tice. Adding video instruction or feedback to regular training regimens when 
teaching athletes safe movement patterns and providing individual feedback 
might target suboptimal long- term results and optimize ACL injury prevention 
programs.
Level of evidence: Level I
Key words: ACL, injury prevention, motor learning, attentional focus
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Introduction
Although current ACL injury prevention programs are effective,58 success is highly 
dependent on compliance.44 Athletes with high compliance have significantly re-
duced ACL injury rates compared to athletes with low compliance.58 Coaches are 
hesitant to implement as they may feel it is ‘too much’ and not of their primary 
interest.1,19,24,30,38,44 Hence, there is a clear need to improve the efficiency of ACL 
injury-prevention strategies.58 A novel approach in ACL injury prevention would 
be to adopt knowledge of motor learning.4,6,18 A common denominator of current 
programs is the use of explicit instructions and feedback regarding desired landing 
positions.46 Motor skills can be learned with an internal focus of attention (IF, focus 
on the movements themselves, e.g. ‘flex your knees when landing’) or with an 
external focus of attention (EF, focus on the movement effect, e.g. “touch target 
as you land’).63 Learning strategies with an IF have been shown to be less suitable 
for the acquisition of complex motor skills required for sports,63 while EF enhances 
automatic motor control.63 Compared to IF or no instruction, an EF attention has 
superior results on jump landing performance,7 with an improved transfer to 
sport.63
For prevention, it is imperative to reduce knee joint loading during sport-specific 
tasks like sidestep cutting.28 Kinematics and kinetics during sidestep cutting maneu-
vers have been thoroughly examined,5 however no clear explanation for observed 
sex differences could be found. Dempsey et al. examined the effect of feedback 
and used both visual (self and expert) and verbal (IF and EF) feedback, resulting in 
a reduced peak knee valgus moment in male athletes.16 Celebrini et al. examined 
female athletes and provided EF instructions directed to a styrofoam ball around the 
waist (focus on a point outside the body), resulting in increased peak knee flexion 
angles.8,9 In addition, retention (ie. movement strategy used after a certain time 
interval when no feedback or instructions are given and all groups perform under 
the same conditions) is important as ideally, properly learned motor skills become 
relatively permanent54,64 and therefore the newly learned skills need only periodic 
maintenance. However, the effect of IF and EF instructions on sidestep cutting 
kinetics and kinematics and retention of learned skills is unknown. Considering the 
sex differences often referred to in the literature, it is also imperative to know how 
females and males respond to stimuli given in terms of movement strategies. This 
information is clinically relevant as it can then be used to potentially incorporate 
sex specific instruction and feedback strategies and optimize ACL injury prevention 
programs with long-term effects.
The purpose of this study was therefore to investigate the effects of a visual EF 
and a verbal IF feedback on peak knee joint loading17 during unexpected sidestep 
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cutting over time in female and male athletes. We hypothesize that the athletes, 
regardless of sex, receiving visual feedback (VIS) reduce knee joint loading with 




A randomized controlled trial was conducted in a controlled laboratory setting. 
Ninety healthy recreational basketball players recruited from local clubs were 
included (45 females, 22.3±3.7 years, 175.9±6.7 cm, 67.8±8.4 kg; 45 males, 
24.9±4.6 years, 190.9±6.7 cm, 82.3±8.5 kg). Enrollment, allocation and testing 
was conducted by the first author. Inclusion criteria were: ≥18 years and playing 
at highest recreational level (practice 3 times a week for ≥2 hours). Subjects were 
excluded if they had a history of lower extremity injury or surgery in the six months 
prior to testing. Based on the order of inclusion, subjects were randomly assigned 
(stratified for sex) to one of the three groups: VIS, VER or CTRL (no feedback).
Procedures
Informed written consent was obtained prior to inclusion. First, anthropometric 
measures were taken prior to placement of 21 reflective markers of 14 mm in di-
ameter placed according to the Vicon Plug-in-Gait marker set, with additional trunk 
markers on the sternum, clavicle, C7, T10 and right scapula. This was followed by 
a static calibration. All subjects wore spandex shorts and shirts (for females) and 
their own athletic shoes. The tasks chosen for this experiment were a 45° sidestep 
cut, straight run or 45° crosscut, which were randomly indicated with a green light. 
The straight run and 45° crosscut were used as additional tasks in order to present 
the subject with three options (sidestep cut, run, crosscut).3,48,49 Subjects used a 5 
m approach run followed by a 1-foot landing on the force plate and a 45° change in 
direction through a second set of timing gates 5 m away from the force plates. To 
reassure standardization while challenging athletes, both approach and exit speed 
had to be within 4.5-5.5 m/s. Subjects were instructed to land on the force plate 
with their dominant leg, which was defined as the leg they prefer pushing off with 
while jumping. The general instruction for all groups was: “run towards the force 
plate and just before the force plate you will see a bright green light showing up, 
indicating the direction you have to run after placing your foot on the force plate. 
After passing the forces plate continue running until you have passed the timing 
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gates”. Each subject was given ample time to warm up and familiarize themselves 
with the setup.
After familiarization, the first three trials served as a baseline. After baseline 
collection, the first session (S1) was started, in which feedback was provided to 
the VIS and VER groups after every correct trial. In S1, the VIS group received 
video feedback on a TV screen (LG, Flatron 65VS10-BAA) showing the subject 
from behind. A new video was only shown if the subject performed better than the 
previous best trial; this became the new best trial (i.e. smaller external peak knee 
frontal plane moment). No explicit feedback or instructions were given, however 
subjects knew that they were looking at their best trial so far. They were instructed 
to replicate that trial to the best of their ability. In S1, the VER group received the 
following instructions: (1) “bend your trunk forward”, (2) “bend your knee” and (3) 
“keep your knee straight above your foot”. The CTRL group was only provided with 
the general instructions. Two retention sessions were conducted, after one week 
(S2) and four weeks (S3). No feedback at all was given during the retention tests.
Thirty-five successful sidestep cutting trials, defined as correct speed and cut 
angle of 45° (marked with tape) with the correct foot on force plate, were col-
lected per session. Subjects were aware of the location of the force plate, but as 
they were focusing on the light stimuli, targeting of the plate was avoided. Also, 
tape was placed at the start of the approach distance to facilitate the desired foot 
contacting the force plate. Trials were rejected if the subject clearly targeted the 
plate (i.e. a “stutter step” or “reaching”). Each subject was given enough rest 
between trials to reduce the potential effects of fatigue.
Apparatus
Kinematic data were collected using an 8 camera motion analysis system at 200 
Hz (Vicon Motion Analysis Systems Inc., Oxford, UK and Vicon Nexus software 
(Version 1.8.3, Oxford, UK)). Good measurement accuracy and high test and re-
test repeatability has been previously reported.25,37 Ground reaction force data was 
collected at 1000 Hz with two Bertec force plates (Bertec Corporation, Columbus, 
OH). To provide feedback to the VIS group, a Basler camera (640×480, 210 fps, 
Vicon Motion Systems, Inc., Centennial, CO) with a 25mm C-mount lens was used 
to collect analog high-speed data. Two infrared timing gates (HL 2-31 Photocell, 
TAG Heuer professional timing, Switzerland) were used to ensure that running 
speed was 4.5-5.5 m/s. A 3-light guiding system was used to randomly cue the 
subject 0.5 seconds before stepping on the force plate.40
Procedures were approved by the University of Groningen Medical Ethics Com-
mittee (CCMO protocol number: NL24814.042.09, METc: 2009.142).
Chapter 4
80
Data acquisition and statistical analysis
Based on previous research,40,48,56 sample size was estimated for a minimal statisti-
cal power of 80% (α=0.05). All sample size and power calculations were completed 
using (G*Power for Mac, Version 3.1.2). Given the variation of the dependent mea-
sures that were included in this study, 15 subjects per group (male and female) 
were deemed adequate. Hence, 15 females and 15 males were allocated to the 
VIS, VER and CTRL groups respectively.
Primary outcome variables were vertical ground reaction force (vGRF), sagittal 
angles and moments of the trunk, hip, knee, ankle and range of motion (RoM). For 
the knee, frontal plane moments were also collected. All variables are expressed 
at peak external valgus/varus moment. RoM was calculated as the value at peak 
external valgus/varus moment minus the value at initial contact. Moments are 
expressed as external moments normalized to body weight. Results in degrees will 
be reported to one decimal case.61 Based on number of subjects and standard de-
viation, effect sizes (ES) were calculated for all comparisons. Cohen’s d values are 
reported as a measure of ES, where 0.2≤d≤0.5, 0.5≤d≤0.8 and d≥0.8 represent 
a small, moderate and large effect, respectively.12
Sidestep trials were analyzed of all included subjects (n=30 VIS, n=30 VER, 
n=30 CTRL). Customized software using Matlab 6.1 (The MathWorks Inc., Natick, 
MA) was written and used to compute segmental kinematics and kinetics of the 
tested leg. Force plate and kinetic data were filtered using a fourth-order zero-lag 
Butterworth low-pass filter at 10 Hz. Assumptions for normality of distribution for 
all variables were checked. Assumptions of homogeneity of variance and sphericity 
were also validated for the use of analysis of variance (ANOVA). Differences between 
groups at baseline were determined using a multivariate ANOVA. To determine 
differences between groups (VIS, VER, CTRL), time (S1, S2, S3) and sex (female, 
male), a 3x3x2 repeated measures ANOVA was conducted followed by post-hoc 
comparisons (Bonferroni) with alpha level set at α≤0.05 a priori. Additionally, the 
start and end values of each session were calculated (lineair fit of all data).
Results
At baseline, except for ankle dorsiflexion angle, no significant differences in kine-
matics and kinetics were found neither across the male groups (VIS, VER, CTRL) 
nor across the female groups (VIS, VER, CTRL) (n.s.). Results are presented in 
Figure 1 (change over time per session) and Figure 2. Detailed kinematic and 
kinetic results are presented in Table 1 and Table 2 respectively (means of 35 trials 
per session, SD’s and 95%CI’s). Average approach speed was 5.00±0.22 m/s, 
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while average exit speed was 4.81±0.20 m/s (no significant group, session or sex 
differences).
Group comparison within sex
Kinematics
Males in the VIS group showed greater knee RoM compared to the males in the 
CTRL group in all sessions (p<0.05). The males in the VIS group also showed 
greater ankle dorsiflexion angles compared to males in the CTRL group regardless 
of session (p<0.05). Furthermore, the females in the VER group showed greater 
knee flexion angles compared to the females in the CTRL and VIS groups in each 
of the sessions (p<0.05). Time by group interaction was found for trunk flexion 
angle in females; a decrease in the CTRL group and an increase in the VIS group 
(p=0.001) (Table 1).
Kinetics
The males in the VIS group, showed significant larger mean vGRF in all sessions 
compared to the males in the VER and CTRL groups (p<0.05). In addition, the 
females in the VIS group showed smaller mean vGRF compared to the females in 
the CTRL group, regardless of session (p<0.05). The changes over time can also be 
seen in Figure 1, where the male VIS group significantly increased vGRF from the 
start of S1 (24.1 Nm/kg) to the end of S1 (26.2 Nm/kg), p=0.042. Furthermore, 
the males in the VIS group showed greater knee flexion moments compared to 
males in the VER and CTRL groups, regardless of sessions (p<0.05). Additionally, 
the males in the VIS group showed reduction of their knee valgus moment over 
time, while the males in the VER and CTRL groups did not. On the other hand, the 
females in the VER group showed reduction of their knee varus moment over time, 
while the females in the CTRL group decreased in S3 after an increase in S2 (Figure 
1). These were however non-significant changes (Table 2).
Sex comparison within group
Kinematics
In the VIS group, males showed greater knee flexion angles compared to the 
females (p=0.047) (Table 1).
Kinetics
The males in the VIS group showed greater vGRF’s and greater knee flexion mo-
ments (p<0.001) compared to the females in the VIS group, regardless of session. 
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In addition, males in the VIS group exhibited larger ankle dorsiflexion moments 
compared to the females in the VIS group in all sessions (p<0.001). For the CTRL 
group, the males showed larger ankle dorsiflexion moment in all sessions com-
pared to the females (p=0.035) (Table 2).
HOOFDSTUK 4 
Figure 1. Group changes in kinetics (left column) and kinematics (right column) in S1 and 
retention sessions (S2 and S3) 
Figure 1. Group changes in kinetics (left column) and kinematics (right column) in S1 
and retention sessions (S2 and S3)
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Figure 2. Schematic representation of collection of possible vGRF’s (cone) and knee flexion 
moment in (A) males and (B) females in the VIS group. Red cone represents baseline vGRF, 
yellow cone represents vGRF after visual feedback. Note that males kept knee flexion moment 
high, while reducing knee valgus moment, while females did not. 
A B
Figure 2. Schematic representation of collection of possible vGRF’s (cone) and knee 
flexion moment in (A) males and (B) females in the VIS group. Red cone represents 
baseline vGRF, yellow cone represents vGRF after visual feedback. Note that males kept 
knee flexion moment high, while reducing knee valgus moment, while females did not.
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The purpose of this study was to investigate the effects of EF (visual stimulus) 
and IF (verbal stimulus) on peak knee joint loading in female and male athletes 
during unexpected sidestep cutting and how these effects remained over time. 
Our hypothesis was partially confirmed: visual feedback led to reduced knee joint 
loading in male subjects with high retention.
Effects of feedback
Overall, the major changes were observed within the male VIS group: they acquired 
better motor skills (S1) with retention (S2, S3). Their adopted landing strategy 
included larger vGRF (8.5% increase in S1, p=0.042 (Figure 1)), knee flexion 
moment, knee RoM and ankle dorsiflexion angle. The soft landing strategy with 
larger knee RoM and ankle dorsiflexion angle allow for better load dissemination.13 
As the knee flexion angles were greater than 50°, along with a reduction in the knee 
valgus moment over time, this likely reduces combined loading of the ACL and the 
risk for ACL injury.34 As the knee flexion angles were greater than 50°, along with 
a reduction in the knee valgus moment over time, this likely reduces combined 
loading of the ACL and the risk for ACL injury.34 Males in the VIS group seemed to 
be effective in performing the task by flexing their knee and absorbing mechanical 
energy whilst actively aligning the vGRF close to the center of the knee joint (Figure 
2a).45 As the increased vGRF only had an impact on the sagittal knee moments, 
we feel this is not a major concern39 and a reflection of increased motor control 
during this task. During heavy deceleration and a short contact time, there is no 
increase in frontal plane moment and the males use their quadriceps to execute 
the sidestep with a flexed knee to forcefully push off the force plate.
These findings are in agreement with others examining the effect of IF and EF 
instructions in healthy athletes, where the EF group increased knee flexion RoM 
during a counter movement jump.32 Others have found a reduction of vGRF in 
double legged jumps following video feedback15,47 however the task, sex, different 
modes or combinations of feedback may all contribute to the differences found. A 
direct comparison therefore can not be made.
Frontal plane moments were less responsive to the VIS or VER feedback provid-
ed. In contrast, Dempsey et al. noted reduced knee valgus moment following video 
feedback.16 These athletes saw both expert and own performances and received 
individual verbal feedback based upon required changes,16 this combination of 
visual (expert and self) and verbal feedback could have positively influenced their 
results.50 In double legged jumps, knee valgus displacement was also positively 
influenced in two studies using visual feedback,20,41 while no changes were found 
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in another study.59 Also providing subjects views from different sides (front, side, 
back), may have resulted in better adoption of the required technique. With a 
complex maneuver such as sidestep cutting, more comprehensive feedback may 
be advantageous to achieve whole body technique modification as knee load is 
also dependent of trunk control.23 The instructions and feedback should be kept 
relatively simple though, as high complexity of feedback hampers motor learning.33
Sex differences
Of the two feedback techniques (VIS and VER), sex differences were only observed 
within the VIS group, including males showing larger knee flexion moments and 
vGRF compared to the females (Figure 2). A potential explanation is that females 
use a ‘ligament dominant’ landing,42 which may place them at greater risk for 
ACL injury.29 In addition, with reduced neuromuscular control, the direction of the 
vGRF is less controlled in all planes (Figure 2b). The females in the VIS group 
did however increase trunk flexion angle over time, which is in favor for reducing 
potential ACL injury risk.22,53
It is not clear why the females in the current study were less responsive to 
feedback training. Learning new strategies can be hampered in females if they 
use their muscles less effectively. Maybe females need more time to adopt a safe 
landing strategy. Additionally, the females in our study can be classified as “low-risk” 
females (based on knee valgus moment), who have been shown to have smaller 
potential to change their movement pattern compared to “high-risk” females.43 
Moreover, it is plausible that females in general prefer different learning strategies 
(e.g. combination of visual and verbal feedback),27 considering the lack of effect in 
the females in the VIS group and the stronger effect in the female VER group for 
some of the variables (Figure 1). Adding verbal instructions could enhance motor 
learning in females. However, literature shows that verbal instructions that induce 
an EF yield better results in motor skill acquisition and retention compared to IF 
instructions.62 In another study of this research group subjects performed a drop 
vertical jump with self-controlled expert video-feedback; demonstrating beneficial 
results of verbal EF feedback in females and video feedback in females and males 
on landing technique, with one week retention (Chapter 6).
Study limitations
One group received instructions (VER, no change in wording), while the other 
group received feedback (VIS, change in video). This disparity could have affected 
motivation and therefore learning effect. Experiencing competence through good 
performance (knowing that you are watching your best trial, being involved in ana-
lyzing own performance) adds to the evidence of motivational influences on motor 
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learning (e.g. intrinsic motivation, interest and enjoyment, positive comparative 
feedback).11 Also, we did not examine how exactly subjects adhered to the instruc-
tions provided. Findings of this study may be limited to this specific population of 
recreational athletes and may not translate to other populations such as elite or 
younger athletes. Furthermore, the accuracy of skin-based markers in estimating 
joint kinematics and kinetics has been questioned.51
Lastly, when considering the benchmarks from Cohen referred to in this manu-
script, especially for the kinetic variables, most effect sizes are large. However, 
this is caused by the small standard deviations. Our group was homogeneous and 
data collection was very stable and therefore reliable. The differences of the means 
do have a clinical relevance as indicated in the discussion, i.e. for example the 
changes depicted in the males receiving visual feedback reflect a potential safer 
landing strategy.
Suggestions for future research
More evidence is needed regarding biomechanical risk factors for ACL injury in 
male athletes.2 Future research should also examine the use of combinations of 
self-feedback (reviewing own video) and expert-modeling (reviewing video from an 
expert),35 along with providing feedback “on demand” (self-controlled learning)10 
with verbal and visual cues. Future research should also focus on transfer to the 
field to examine if the learned movement techniques remain during a practice or 
game. It is hypothesized that learned skills with an EF transfer better to the field.6
Clinical relevance
Sex specific learning preferences should be acknowledged when implementing 
ACL injury prevention programs as males responded well to visual feedback, 
while females did not. For injury prevention, a safer landing technique as well 
as stable or increased performance is crucial.26 The results of the current study 
and others16 support the use of EF feedback. ACL injury risk may be reduced in 
males by an increase in knee flexion moment and decrease in knee valgus moment 
respectively, whereas performance (running speed) was not compromised. These 
feedback techniques seem to be advantageous in contrary to IF verbal instructions 
leading to a decrease in performance (i.e. decreased jump height or movement 
speed).14,31,57,60
The goal of ACL injury prevention is to achieve long term effects and transfer 
learned skills to actual competition. None of the previous mentioned studies mea-
sured retention to examine whether a permanent change was achieved. In our 
study, retention was achieved after one and four weeks in the males in the VIS 
group as they continued to demonstrate superior technique. This indicates that the 
93
Motor learning strategies in basketball players and its implications for ACL injury prevention
4
effect was not only immediate and temporary but also relatively permanent. Appar-
ently, the learning process initiated with the visual feedback continues by repeating 
motor patterns in the brain even if no feedback is given (motor imagery).63 This is 
a very interesting given as this implicates that learning with a visual component 
stimulates automaticity and retention and therefore might require less time and in-
vestment from training staff. Recently, a single 15 minute video feedback protocol 
led to greater reduction in dynamic knee valgus during a drop vertical jump task41 
than has been observed after a four-week jump training program.21
The ‘whole body approach’, that enhances being embedded in the task (embodied 
cognition),36 provided by visual feedback appears to be an effective method to 
promote motor learning.16 Imitation plays an important role when receiving visual 
input.6 The mirror neurons facilitate motor learning by automatically mapping 
observed movements onto a motor program without high cognitive involvement.52
Overall, the results of the present study demonstrate that learning through ob-
servation and practice is a powerful tool.55 The current study expands on the previ-
ous published conceptual framework to enhance effectiveness of current ACL injury 
prevention programs.4,6 Cumulatively, evidence is emerging that implementation of 
EF feedback especially with a visual feedback component is promising in terms of 
reducing ACL injury risk whilst maintaining or increasing performance.
In conclusion, sex specific learning preferences may have to be acknowledged 
in day by day practice. Adding video instruction or feedback to regular training 
regimens when teaching athletes safe movement patterns and providing individual 
feedback might target suboptimal long-term results and optimize ACL injury pre-
vention programs.
Conclusion
The current study shows that male subjects clearly benefit from visual feedback. 
Females may need different feedback modes to optimize their sidestep cutting 
technique. Future research is needed to examine the transfer to the field to inves-
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of drop vertical jump 
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External focus instructions have been shown to result in superior motor 
performance compared to internal focus instructions. Using an EF may help to 
optimize current anterior cruciate ligament (ACL) injury prevention programs. 
The purpose of the current study was to investigate the effects of instructions 
on landing technique and performance by comparing an external focus (EF), 
internal focus (IF), video (VI) and control (CTRL) group. Subjects (age 
22.50±1.62 years, height 179.70±10.43 cm, mass 73.98±12.68 kg) were 
randomly assigned to IF (n=10), EF (n=10), VI (n=10) or CTRL group (n=10). 
Subjects performed a drop vertical jump (DVJ) in five sessions: pretest, two 
training blocks (TR1 and TR2), posttest directly after the training sessions 
and retention test one week later. Group specific instructions were offered 
in TR1 and TR2. Landing technique was measured with the Landing Error 
Scoring System (LESS) and jump height was taken as performance measure. 
The results show that males in the VI group and females in the VI and EF 
groups significantly improved jump-landing technique. Retention was achieved 
and jump height was maintained. It is therefore concluded that EF and VI 
instructions have great potential in ACL injury prevention.
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Introduction
Anterior cruciate ligament (ACL) injury prevention programs are effective in the 
short term, but lack effectiveness in the long term.5 Thus, there is a need for 
optimization of current ACL injury prevention programs considering the relatively 
large number of subjects needed to treat30 and associated time investment of 
training staff.32 Most ACL injury prevention programs use verbal instructions directed 
towards specific knowledge of body movements.26,38,46 However, a novel approach 
in ACL injury prevention would be to adopt knowledge of motor learning.5,19 Motor 
skills can be learned with attention directed to the movement itself (e.g. “keep your 
knees over your toes”), which is defined as an internal focus (IF).54 Whereas with 
an external focus (EF), attention is directed towards the effect of the movement 
(e.g. “point your knee toward an imaginary point in front of you”).54
Recent studies showed effectiveness of training to optimize a drop vertical jump 
(DVJ) assessed with the Landing Error Scoring System (LESS).16,43 The subjects 
were divided in a short-duration (3 months intervention) and extended-duration 
(9 months intervention) group and received a set of IF instructions and cues (i.e. 
“keep your toes pointed straight ahead”, “keep your knees over your toes” and “land 
softly on your toes while bending your knees”). Although both groups improved 
their total LESS scores from pretest to posttest, only the extended-duration training 
group retained their improvements 3 months after ceasing the injury prevention 
program. Although the LESS improved, these IF instructions likely led to suboptimal 
motor learning, resulting in relatively less retention and transfer compared to what 
would have been observed with EF instructions. Paying attention to motor skills 
can work counterproductive for automatization of movement skills.4,8,17 The high 
number of repetitions needed might require too much time commitment, potentially 
decreasing compliance in coaches and athletes.18,21,28,32,50 On the other side, 
adopting EF instructions and feedback might be less attention demanding, improve 
skill retention and transfer to sport and optimize program efficiency, making the 
effect of these programs less transient.7,54 Furthermore, in a recent systematic 
review it has been shown that an EF enhances motor performance and technique 
and improves neuromuscular coordination.8,31,47 For example, greater knee flexion 
angles,31 more center of mass (CoM) displacement53 and lower peak vertical ground 
reaction forces (vGRF)33,51 were observed in jump landing activities. These results 
all suggest to be beneficial in reducing the risk of ACL injury. Hence, adoption of 
knowledge from the motor learning domain seems promising to enhance ACL injury 
prevention.5,8,20 In addition, visual feedback has been shown to be effective.37,39,40,45 
These programs could be expanded to include modern technology such as video 
with expert learning, self-learning and variations of feedback.5
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This study was conducted considering the room for improvement in terms of 
retention of learned motor skills and time investment required from training staff. 
The primary purpose of the present study was to investigate the effects of instruc-
tion on landing technique and performance comparing an EF, IF, video (VI) and a 
control (CTRL) group. Additionally, it was examined whether possible beneficial 
results still existed at a retention test one-week after the testing session. The 
secondary purpose was to measure the consistency by which participants followed 
the prescribed attentional focus instructions.48 It was hypothesized that the EF and 
VI groups would show a better landing technique (i.e. lower LESS score) compared 
to the IF and CTRL groups, while maintaining performance (i.e. jump height).
Materials and Methods
Subjects
A randomized controlled trial was conducted in a controlled laboratory setting. 
Forty (twenty males, twenty females) subjects were recruited from local sports 
clubs (Table 1). For inclusion, subjects had to be: 1) ≥ 18 years old and 2) 
physically active in (recreational) ball team sports for a minimum of four hours 
per week. Subjects were excluded if they had lower extremity injury in the past 
6 months. Enrollment, allocation and testing was conducted by the first author. 
Subjects were randomly allocated with a MATLAB 6.1 (The MathWorks Inc., Natick, 
MA) randomization script to one of the four groups based on sex, age and length: 
IF group with verbal instructions (IF), EF group with verbal instructions (EF), video 
instructions group (VI) or the control group with no specific instruction (CTRL) 
(Figure 1). With an effect size of 0.25 (medium effect ANOVA)13 and an alpha 
of 0.05, a power of 0.80 was reached with 40 subjects. G*Power for Windows, 
Version 3.1.7. has been used to calculate the required sample size.
Table 1. Descriptive of subjects per group (mean±SD).
EF IF VI CTRL
N 10 10 10 10
Sex (m/f) 5/5 5/5 5/5 5/5
Age (years) 22.60 ± 1.35 22.10 ± 2.64 22.90 ± 0.57 22.40 ± 1.35
Height (m) 1.80 ± 0.14 1.77 ± 0.08 1.78 ± 0.10 1.83 ± 0.11
Mass (kg) 72.40 ± 10.38 71.10 ± 6.92 74.40 ± 17.10 78.00 ± 14.79
EF = external focus, IF = internal focus, VI = video group, CTRL = control group, m = 
male, f = female, m = mass, kg = kilogram
103




Figure 1. CONSORT flow chart, including data analysis. 
Figure 1. CONSORT flow chart, including data analysis.
Procedures
Collecting expert data
Expert videos of drop vertical jumps (DVJ) were created before the start of the 
current study and made available in the database. The expert videos were selected 
based on previous research (Table 2).22,23,36,44 Sex- and size matched expert models 
were selected for four height ranges (160-170 cm; 170-180 cm; 180-190 cm; 
190-200 cm). The expert subjects were ball team sport players as well. Before 
recording the expert DVJ, general anthropometric measures were taken from the 
expert subjects. Expert subjects had twenty-one reflective markers of 14 mm in 
diameter placed according to the Vicon Plug-in-Gait marker set and model. In 
addition, trunk markers were added to the sternum, clavicle, C7, T10 and right 
scapula. Vicon’s Nexus software (Version 1.6) of the Vicon Motion Analysis System 
(Vicon Motion Systems, Inc., Centennial, CO) was used to collect and calculate 
the kinematic and kinetic data for the expert profiles. Ground reaction force (GRF) 
data was collected using two force plates sampled at 1200 Hz (Bertec Corpora-
tion, Columbus, Ohio) and entered in software (Vicon’s Nexus software). The force 
plates were located within a custom-built flooring system in which the force plates 
are flush with the floor.
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Table 2. Reference scores expert
Variable Reference score expert on DVJ
Knee varus/valgus torque (Nm/kg) <22.25 (female)36
Knee flexion range (°) >45 (male & female)44
Peak vGRF (N/kg) ≤59.15 (male)23 / ≤17.90 (female)12
DVJ = drop vertical jump, Nm = Newton meter, kg = kilogram, peak vGRF = peak
vertical ground reaction force, N = Newton
Collecting subject data
On day one, before testing, all subjects signed an informed consent form. The 
study was approved by the medical ethical board of the University of Groningen 
(ECB/2014.1.20_1). Subjects were not aware of the specific purpose of the current 
study. All subjects wore spandex shorts and shirts (for females) and their own 
athletic shoes during the test session. All subjects performed a 5-minute warm-up 
on a home trainer at 110 Watt followed by three squats, three lunges per leg 
and three vertical jumps prior to the test. After completing the warming-up, the 
subjects received the general instructions and practiced the DVJ. During general 
task instruction, emphasis was placed on subjects jumping as high as they could 
immediately after landing from the box.
After getting familiar with the task (average three trials), the first five recorded 
DVJs, served as pretest (baseline measurements). The DVJ protocol was performed 
according to the protocol by Padua et al.44 Subjects jumped from a 30-cm high box 
to a distance of 50% of their height away from the box, down to the two force 
plates on the ground, and immediately rebounded for a maximal vertical jump on 
landing (Figure 2). After the pretest, the IF group was instructed to pay attention 
to the body: “extend your knees as rapidly as possible after the landing on the 
force plate“. Whereas the EF group received an instruction directed to the move-
ment effect: “push yourself as hard as possible off the ground after landing on the 
force plate”.31 The VI group watched an expert video on a television screen (Table 3 
and Figure 3). The instructions for each group were repeated after every five trials. 
Subjects in the EF, IF and VI groups were free to ask for feedback after every DVJ 
jump in training block 1 (TR1) and training block 2 (TR2). This feedback consisted 
of their real time LESS score (range 0-15) of that respective jump.41 Subjects 
were not informed on which part of the jump they performed better or worse, but 
they were aware that a lower LESS score implied a better landing technique. This 
self-controlled feedback schedule is suggested to positively influence the motor 
learning process as it is more tailored to the performers’ needs and motivation 
than predetermined feedback schedules.3,9,10 The CTRL group did not receive any 
instructions or feedback.
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Table 3. Training schedule with general and group specific instructions and feedback.




This is drop vertical jump and the goal is to jump as high as possible when you 
have landed off the box.




Push yourself as 
hard as possible 
off the ground 
after landing on 
the force plate.
Extend your 
knees as rapidly 
as possible after 
the landing on the 
force plate.
You will see a video of 
an expert jump. This 
jump is performed as 
perfect as possible. Try 





2 x 10 DVJ’s with 
self-controlled 
feedback (LESS 
score) & group 
specific instruction 
after every 5 trials
2 x 10 DVJ’s with 
self-controlled 
feedback (LESS 
score) & group 
specific instruction 
after every 5 trials
2 x 10 DVJ’s  with self-
controlled feedback 
(LESS score) & group 
specific instruction 
after every 5 trials
2 x 10 DVJ’s
Posttest
(same day)
5 DVJ’s 5 DVJ’s 5 DVJ’s 5 DVJ’s
Retention test
(1 week after 
day 1)
5 DVJ’s 5 DVJ’s 5 DVJ’s 5 DVJ’s
EF = external focus, IF = internal focus, VI = video instruction, CTRL = control group, 
DVJ = drop vertical jump, TR1 = training block 1, TR2 = training block 2
A retention test was performed one week later (day two), to check if the possible 
difference between groups could be attributed to motor learning principles instead 
of only motor performance. In the retention test, subjects had to perform the DVJ 
another five times. Only the general instructions were provided, but no feedback 
was given. After testing, subjects had to fill in a questionnaire about the focus they 
experienced during the tests.48 This questionnaire was completed by the subjects on 
day one and day two to check the efficiency of the instructions in the present study.
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Figure 1. CONSORT flow chart, including data analysis. 
Figure 2. The standardized DJV consists of 2 segments: (1) subject jumps down from 





Two Basler cameras (640×480, 210 fps, Vicon Motion Systems, Inc., Centennial, 
CO) with a 9mm C-mount lens recorded frontal and sagittal plane views of the 
subject performing the DVJ. Camera and box placement was according to Padua 
et al.44 Expert videos were presented on a TV screen (LG, Flatron 65VS10-BAA), 
driven by a MacBook Pro OS X Version 10.9.5 (Apple inc.).
Figure 2. The standardized DJV c nsists of 2 segments: (1) subject jumps down from box and 
lands on ground and (2) subject immediately jumps vertically upward as high as possible. 
Figure 3. Example of contour of the expert video at initial contact (A) and maximal knee flexion 
(B) which was shown to the VI group. 
 
Figure 4. LESS scores separated for male and female subjects. 
A B
Figure 3. Example of contour of the 
expert video at initial contact (A) and 
maximal knee flexion (B) which was 
shown to the VI group.
Data acquisition and statistical analysis
The frontal and sagittal DVJ videos were imported into video-editing software (Win-
dows Media Player, Microsoft, Redmond, WA). All DVJ videos were independently 
analyzed and scored (W.W. and A.B.) using the LESS, in which they were blinded to 
group allocation. Videos were replayed and the DVJ was scored during replay using 
pause and rewind controls. The rater focused on a designated “test leg”, defined 
as the dominant leg. We used the question “Which leg do you prefer to kick a ball 
with?” to establish leg dominance.44 Scoring was based on the presence or absence 
of specific landing characteristics. There are 17 scored items in the LESS.44 Data 
were analyzed using the Statistical Package for the Social Sciences (SPSS) version 
20. Primary outcome measures were LESS scores (representing landing technique) 
and center of mass (CoM) height (representing jump performance) per group and 
sex and used as dependent variables.
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Secondary outcome measures were questionnaire responses that measured the 
consistency in which subjects followed the prescribed attentional focus instruc-
tions. The LESS score represents excellent (LESS score <4), good (LESS score >4 
to ≤5), moderate (LESS score >5 to ≤6) and poor (LESS score >6) jump-landing 
technique. All data were normally distributed. To determine differences between 
groups (EF, IF, VI and CTRL), time (pretest, TR1, TR2, posttest and retention test) 
and sex (female and male), a 4x5x2 repeated measures ANOVA was conducted fol-
lowed by post hoc comparisons (Bonferroni) with alpha level set at α≤0.05 a priori. 
To determine differences in LESS scores and CoM height within groups across time, 
independent t-tests were conducted. Cohen’s effect size (ES) statistics (Cohen’s d) 
were calculated to determine the magnitude of observed significant performance 
differences with d=0.2–0.5, d=0.5–0.8 and d≥0.8 representing a small, moderate 
and large effect, respectively.11 A customized software package using MATLAB 6.1 
(The MathWorks Inc., Natick, MA), was used to create a group specific overview in 
terms of color coded LESS scores written by B.O.
Results
Landing technique
Results are presented in Tables 4 and 5 and Figures 4 and 5. No significant dif-
ferences in baseline LESS scores (pretest) and jump height were found neither 
between groups nor between male and female subjects. No significant differences 
were found between groups and sex.
Males in the VI group had significant lower LESS scores in the post test (1.92 
± 0.27) and retention test (1.72 ± 0.30) compared to the pretest (2.72 ± 0.83) 
(p<0.05). Females in the VI and EF group significantly improved their LESS scores 
in TR2 (VI: 1.98 ± 1.01, EF: 1.90 ± 0.63), post (VI: 2.16 ± 0.95, EF: 1.96 ± 0.79) 
and retention test (VI: 2.20 ± 0.95, EF: 2.12 ± 0.78) compared to pretest (VI: 
2.84 ± 1.03, EF: 3.32 ± 0.76) (p<0.05).
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Figure 2. The standardized DJV consists of 2 segments: (1) subject jumps down from box and 
lands on ground and (2) subject immediately jumps vertically upward as high as possible. 
Figure 3. Example of contour of the expert video at initial contact (A) and maximal knee flexion 
(B) which was shown to the VI group. 
 
Figure 4. LESS scores separated for male and female subjects. 
A B
Figure 4. LESS scores separated for male and female subjects.
Table 4. LESS scores per sex, group and time (mean ± SD).
Pretest TR1 TR2 Posttest Retention
Male EF 2.84 ± 1.23 2.86 ± 1.48 2.72 ± 1.23 2.64 ± 1.26 2.56 ± 1.14
IF 2.84 ± 1.15 3.10 ± 1.46 3.52 ± 1.63 3.22 ± 1.54 3.08 ± 1.46
VI 2.72 ± 0.83 2.10 ± 0.44 1.78 ± 0.58 1.92 ± 0.27 1.72 ± 0.30
CTRL 2.84 ± 0.90 2.78 ± 0.91 2.84 ± 0.71 3.04 ± 0.92 2.86 ± 0.59
Female EF 3.32 ± 0.76 2.20 ± 0.80 1.90 ± 0.63 1.96 ± 0.79 2.12 ± 0.78
IF 2.94 ± 0.75 3.32 ± 1.12 3.22 ± 0.94 3.24 ± 0.57 3.20 ± 1.45
VI 2.84 ± 1.03 2.28 ± 0.87 1.98 ± 1.01 2.16 ± 0.95 2.20 ± 0.95
CTRL 3.16 ± 0.22 2.92 ± 0.50 3.00 ± 0.49 3.16 ± 0.46 3.00 ± 0.40
EF = external focus, IF = internal focus, VI = video instruction, CTRL = control group, 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 5. Overview of the different scoring pattern in the LESS test for each group on the fifteen 
LESS items (x-axis) over time points (y-axis) separated for male (left) and female subjects 
(right). The darker one block is colored, the safer the landing technique. 
Figure 5. Overview of the different scoring pattern in the LESS test for each group on 
the fifteen LESS items (x-axis) over time points (y-axis) separated for male (left) and 
female subjects (right). The darker one block is colored, the safer the landing technique.
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An overview of the scoring patterns is presented in Figure 5. Each little block in 
Figure 5 represents a single LESS item over time of all subjects (y-axis). If one 
little block is colored black it implies that the specific LESS item in that condition 
was not observed which means, the darker the block, the better. For males, the 
IF group shows less trunk flexion at maximal knee flexion (item 14) compared to 
the EF and VI group. Furthermore, the IF and the CTRL group show a more narrow 
stance width (item 8) compared to males in the EF and the VI group. Addition-
ally, all groups in male subjects show knee valgus at initial contact (IC) (item 5) 
and knee valgus displacement (item 15) with no improvement over time. Female 
subjects in the IF group shows less knee flexion at IC (item 1), less maximal 
knee flexion (item 12) and less trunk flexion at maximal knee flexion (item 14) 
compared to the EF and the VI group. Furthermore, females in the VI and the EF 
group showed more knee flexion at IC (item 1) over time. Additionally, female 
subjects in all groups had knee valgus at initial contact (IC) (item 5) and knee 
valgus displacement (item 15) with no improvement over time.
Jump performance
The differences in CoM heights for each group for male and female separated are 
presented in Figure 6. No significant differences were found between groups and 
sex. Males in the EF group jumped significantly higher in the TR1 (1.50m ± 0.03) 
and TR2 (1.49m ± 0.04) compared to the posttest (1.47m ± 0.04) (p=0.014; 
p=0.020). Females in the EF group jumped significantly higher in TR1 (1.29m ± 
0.06) compared to posttest (1.28m ± 0.07) (p=0.049).
Figure 6. CoM heights separated for male and female subjects. 
Figure 7. Breakdown of questionnaire response categories. Each number represents the 
total number of questionnaire responses in each of the broad and subcategories for each 
experimental condition. The total number of responses in each subcategory equals the 
number listed in its corresponding broad category. The subcategory of “Mixed” includes 
responses that included a mixture of internal and external focus.




Questionnaire responses were organized and coded collectively within each of the 
conditions into one of three general categories: ‘Internal’, ‘External’, or ‘Other’ for 
both days (TR1 & TR2 together and retention test). Additionally, the responses 
were coded into subcategories within each general category (Figure 7).
Figure 6. CoM heights separated for male and female subjects. 
Figure 7. Breakdown of questionnaire response categories. Each number represents the 
total number of questionnaire responses in each of the broad and subcategories for each 
experimental condition. The total number of responses in each subcategory equals the 
number listed in its corresponding broad category. The subcategory of “Mixed” includes 
responses that included a mixture of internal and external focus.
Figure 7. Breakdown of questionnaire response categories. Each number represents 
the total number of questionnaire responses in each of the broad- and subcategories for 
each experimental condition. The total number of respon es in each subcategory equals 
the number listed in its correspondi g broad category. The subcategory of “Mixed” in-
cludes responses that included a mixture of internal and external focus.
Discussion
The purpose of the present study was to investigate the effects of instruction on 
DVJ landing technique and jump performance, as well as retention after one week. 
The results show that males in the VI group and females in the EF and VI groups 
significantly improved their LESS score over time, while maintaining performance. 
These results indicate successful changes in overall movement quality and lowering 
chances of potential risk for an ACL injury.44
Landing technique and jump performance
The current findings show that males in the VI and females in the EF and VI groups 
successfully improved their landing technique (Figure 4), without reducing perfor-
mance (Figure 6). This is in line with previous studies that used the exact same 
instructions as used in the present study and were shown to have beneficial results 
on motor performance (jump distance and jump height) and movement technique 
(greater knee flexion angle, greater knee range of motion).20,31 The LESS scores in 
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our group were all excellent and lower compared to Padua et al.43 This difference 
could be attributed to age (youth versus adults) and therefore jumping experience. 
Even though we examined a “low-risk” population, we were still able to improve 
technique, perhaps there is even more potential in a “high-risk” population.35
Males in the VI group showed greater trunk flexion and stance width compared 
to the males IF and CTRL groups. Females in the EF and VI group showed greater 
knee and trunk flexion compared to females in the IF group. Additionally, females 
in the EF and VI group showed greater knee flexion over time. These findings are 
in line with previous research showing greater knee flexion when adopting an EF 
of attention.12,31 Increased trunk and knee flexion potentially reduce the risk of an 
ACL injury.25
Interestingly, males in the EF group showed no improvement in landing tech-
nique, which may imply that sex specific instruction preferences need to be con-
sidered when implementing ACL injury prevention programs. This is in line with 
previous research comparing the response of male and female subjects on focus 
instructions.16 In addition, knee valgus motion seems to occur more in female 
subjects compared to the males (regardless of group) (Figure 5). However, knee 
valgus motion was also found in male subjects (Figure 5). Perhaps knee valgus is 
a potential and underexposed ACL injury risk factor in male subjects since there 
is a lack of research on male ACL injury risk factors.2 The positive results for the 
VI and EF groups are best explained by the constrained action hypothesis. That 
is, when athletes actively focus and consciously control their movements as in the 
IF group, they disrupt automatic non-conscious motor behavior processes that 
normally control movements in an efficient manner. In contrast, directing attention 
to the movement effects, as in the VI and EF groups, allows the motor control 
system to naturally regulate and organize motor actions.52
In the present study, the VI group showed beneficial results for both male and 
female subjects. Therefore this study is adding to the body of knowledge showing 
that visual feedback is an efficient tool for improving landing technique.37,39,40,45 
Over the last two decades, promising strategies in neurorehabilitation have been 
introduced, which are based on the so-called simulation hypothesis.24 The hy-
pothesis suggests that the neural networks of an action-observation system are 
activated not only during motor execution but also during observation or imagery 
of a movement.29 The mirror neurons facilitate motor learning by automatically 
mapping observed movements onto a motor program without high cognitive re-
flections.49 The contour of the model works like a target for the subject visualizing 




The results of the retention test show that the improvements in landing technique 
and jump performance in males in the VI and in females in the EF and VI group is still 
present after one week, when no feedback or instructions are given. Interestingly, 
in the male VI group, there was a trend that males increased performance as jump 
height was improved from 1.47m ± 0.07 during pretest to 1.53m ± 0.22 during 
retention test. The non-significant change is probably due to a relatively large SD.
However, this is crucial in motor learning as ‘learning’ a new skill (e.g., movement 
pattern) should be accompanied by relatively permanent changes.1,54 Apparently, 
the learning process initiated with the VI and EF instructions continues by repeat-
ing motor patterns in the brain even if no instruction is given (motor imagery).54 
This is a very interesting given as this implicates that automaticity is stimulated 
resulting in positive retention. This is imperative as only two short training sessions 
of 15 minutes (TR1 and TR2), was needed to change landing technique, which 
was maintained a week later. These findings are of high importance as barriers as 
“it takes too long”, “it is boring”, “it has no performance benefits” or “it is too dif-
ficult”38 might be countered when implementing EF or VI instructions and feedback 
that offers self-learning, expert learning and variations of exercises which need 
only periodic maintenance as a result of sufficient stimuli to learn skills effectively.
Questionnaire responses
The secondary purpose of the present study was to measure the focus subjects 
adopted. It is worth noting that during training, the IF males and female subjects 
reported actually focusing internally in 60% and 80% of the time respectively. 
This finding is in line with previous research which found 76% of internally focused 
subjects in the IF group after training.48 Furthermore, both the VI males and fe-
males group experienced an internal focus in 100% in the training and 80% in the 
retention test. This result is surprising and gives us more insight in the mechanism 
behind the instructions provided. It is suggested that when subjects watch an 
expert video, mirror neurons systems are triggered without analyzing the actual 
movement. After watching the expert video, subjects imitate the expert jump 
without full awareness on what they are actually doing. Perhaps asking subjects 
afterwards on what they were focusing, subjects reconstruct the movement by 
mentally splitting up specific parts that are seen in the video which could lead to 
an ‘error’ in their brain. Additionally, males and females in the EF group stated that 
they focused externally only 60% and 40% of the time in training.
Furthermore, both males and females in the EF group stated that they focused 
externally only 10% in the retention test. However, the EF females showed positive 
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results after training and one week later retention. It seems that training subjects 
with an external focus of attention focused creates a form of learning in which 
subjects are not fully aware of their learning strategy. This finding is in line with 
previous research which suggests that when subjects direct their attention exter-
nally, the motor control system allows to naturally regulate and organize motor 
actions.52
Study limitations and future research
The LESS is a clinical assessment of movement patterns and we did not measure 
3-dimensional lower extremity kinematics and kinetics in this study. Even though 
the LESS is not a direct measurement of lower extremity biomechanics, it is a 
valid clinical assessment of movement quality.44 This is imperative as screening 
methods that can be completed in a field or clinical setting may be more applicable 
for wider community use to identify risk factors that may lead to an ACL injury.42 
The advantage of the real time LESS is that it is relatively simple to use and 
score, making it time and cost effective to implement for coaches in the field. 
Even though 1-week retention was achieved and other research using the same 
type of EF and VI instructions shows 4-week retention,6,15 we cannot generalize 
the results of the current study to a longer period of time. It is suggested that 
further research should investigate retention and transfer to the field.7 In addition 
landing technique of the non-dominant leg instead of only the dominant leg to 
study possible asymmetries should be examined. Findings of this study may be 
limited to this specific population of recreational athletes and may not translate 
to other populations such as elite or younger athletes. Lastly, more evidence is 
needed regarding biomechanical risk factors for ACL injury in male athletes.2
Practical implementation in the field
This study adds to the current evidence that a verbal EF or video instructions seem 
to be advantageous compared to an IF induced attention. Recent literature showed 
that subjects improved landing technique after IF focus instructions, however 
decreased their jump height.14,34 In contrast, our subjects receiving EF and VI 
instructions were able to maintain jump height, while improving landing technique. 
Retention was achieved and it is therefore advised that training staff uses simple 
EF verbal and video instructions in their training regimens to improve technique. 
Athlete performance is crucial for injury prevention as trainers and coaches are 
more likely to adopt an injury prevention program which is not conflicting with 
performance.27 These findings may be critical for improving adoption of ACL injury 
prevention programs and ensuring that individuals develop permanent changes in 
movement control. The advantage of verbal instructions is that they do not require 
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any specialized equipment, making them simple and cost effective to implement. 
Offering video instruction or feedback with an expert video has been shown to 
be effective in significant improvement in landing technique and could easily be 
implemented with off-the-shelf camcorders. Together with the real time LESS this 
offers optimal opportunities for training staff to screen, evaluate and monitor jump 
landing technique in their athletes.
Conclusion
This study makes a unique contribution to ACL injury prevention by demonstrating 
the beneficial results of VI instruction in recreational athletes. Females also benefit-
ted from verbal EF instructions. EF and VI instructions led to significant improvement 
in landing technique after a training and remained present one week later. The fact 
that retention was achieved after only a short training session has great potential 
to improve the effectiveness of current ACL injury prevention programs. Training 
staff is encouraged to provide instructions that induce an EF or video instruction in 
ACL injury prevention programs. Sex specific learning preferences should also be 
considered. Future research should determine whether prevention programs that 
include EF or video instruction in fact reduce the ACL injury incidence.
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An ACL injury has widespread physical and psychosocial consequences for individual 
athletes because sports participation often is reduced,6,7 as well as for society in 
terms of high healthcare costs.55 Hence prevention of ACL injuries has received 
considerable attention over the last decades. Unfortunately, ACL injury prevention 
has not had long-term effectiveness as ACL injury rates have not decreased over 
the last decades.2,38,88 One reason might be that the efficacy is highly dependent on 
the compliance of athletes and coaches.35,47,71 Coaches are hesitant to implement 
ACL injury prevention exercises given the time investment and lack of performance 
benefits.23,54,93,105 They may feel prevention training is ‘too much’, not of their pri-
mary interest,30,40,47,53,61,99 does not offer a relative advantage over their existing 
practices, does not align with their needs or is too complex to implement in their 
setting.72 However, having support from coaches and having a senior person in 
the hierarchy to influence the prevention program is extremely important.26 These 
aspects should therefore be considered when implementing an ACL injury preven-
tion program.101 Lack of compliance from athletes is also a key factor as they state 
it “takes too long”, “is boring”, “has no performance benefits” or “is too difficult”.71
Another reason for achieving suboptimal long-term results might be the way in 
which preventive training is taught. In the ACL injury prevention programs athletes 
are often encouraged to focus on the quality of their movements (e.g. knee-over-
toe position), in order to improve awareness and knee control during cutting, 
jumping and landing.1,43,57,70,71,75,78,83 While there may be intuitive reasons to give 
internal focus (IF) instructions, telling athletes explicitly how to move may be less 
suitable and even counterproductive for the acquisition of complex motor skills.60 
The transfer from learned movement techniques to unexpected and automatic 
movements during training or a game involves complicated motor control adapta-
tions. Maintaining performance at a competitive level while trying to keep proper 
movement technique and performance seems warranted and provides a great 
challenge. This is imperative for training, clinical and research staff involved in 
ACL injury prevention in athletes. The advantages of applying external focus (EF) 
instructions or feedback have already been proven in golf putting,91,113 basketball 
throwing117 and volleyball114 and tennis serving,39 where athletes showed better 
learning effects when focusing on the goal of the movement (i.e. hole, basket, 
target at court). However, the integration of motor learning principles in widely 
accepted ACL injury prevention programs is not yet implemented in daily practice. 
The aim of this dissertation was therefore to contribute to the body of knowledge 




This is the first time the effects of different types of feedback on retention of 
learned motor skills in ACL injury prevention have been examined. Motor learning 
is defined as a relatively permanent change in a person’s capability to perform 
a skill.90 Retention and transfer tests performed after a certain time interval are 
used to allow any temporary performance-enhancing effects (such as caused by 
greater guidance) or performance-degrading effects (caused by increased fatigue) 
after practice to dissipate. Resulting in only the relatively permanent, or learned, 
effects being left. Another important aspect of retention and transfer tests is that 
all groups perform under the same conditions (e.g. without feedback or demon-
strations). Then different groups can be equally compared, so that conclusions can 
be drawn about the effectiveness of different practice methods for learning.
As about 80% of the ACL injuries occur in non-contact situations,51,74,88,106 op-
timization of movement technique itself is the goal. One part of the solution to 
injury prevention is grounded in the neuromechanics, that is the interaction of 
the brain and muscles to produce coordinated movements in different conditions. 
Since every brain and body in relation to the environment is different, the optimal 
solutions are also different and need to be individually tailored to athletes. In 
ACL injury prevention training an athlete is trained to maneuver, jump and land 
safely. A recent literature review on jump and landing technique shows that move-
ment forms can be improved when EF of attention is used. This is illustrated by 
greater knee flexion angles, more center of mass (CoM) displacement, lower peak 
vertical ground reaction force (vGRF) and improved neuromuscular coordination, 
while maintaining or improving performance.11 These findings are promising, as 
improved landing technique with increased jump performance yields an optimum 
between diminishing ACL injury risk without reduction in performance.
This dissertation started with an investigation of the clinical relevance of the sex 
differences during sidestep cutting. An overview of sex differences in sidestep 
cutting technique was presented in Chapter 1. Interestingly, even though the 
sex differences found during descriptive laboratory studies are being targeted in 
intervention studies, the effects have not been effectively transferred to the field; 
as no reduction of the ACL injury incidence is shown.2,38,88 The commonly presented 
sex differences in biomechanical and neuromuscular profiles were systematically 
examined. As the kinematic and kinetic sex differences were of questionable clinical 
relevance and no quadriceps dominance (defined as an imbalance between knee 
extensor and flexor strength, recruitment, and coordination) was found in females, 
it was proposed that the approach of ACL injury prevention should target individual 




An EF of attention has many advantages compared to an IF of attention when 
learning motor skills. To substantiate this, a theoretical (Chapter 2) and practi-
cal (Chapter 3) framework was presented. These advantages especially seem 
to benefit athletes as skills acquired with an EF are more resilient under psycho-
logical,10,37,66 and physiological fatigue,59,84 while being more durable5 and robust98 
when fast movements are required. The possibilities of applying this approach to 
ACL injury prevention were therefore investigated. Components of stress or fatigue 
can contribute to the eventual valgus collapse of the knee resulting in ACL injury. 
It is therefore quite relevant to teach movement skills that become permanent 
under all circumstances. Theoretically, this can have better long lasting effects 
and therefore aid in achieving long-term results. Individual assessment of landing 
technique to explore ACL injury risk factors will provide individual key components 
to target in interventions. Assisting athletes in finding optimal individual movement 
patterns and controlling forces belonging to complex motor skills is fundamentally 
different from teaching a ’one size fits all’ movement pattern. For the control of 
complex tasks it is essential to address whole body kinematics, not only the lower 
extremity. Learning with an EF using video feedback of whole body movement 
could be an effective way to assist the athlete to reach a level in which perfor-
mance is high, yet the chances of injury are low. The effect of immediate visual 
feedback of the athlete’s own movement technique is an area that is still relatively 
unexplored. In order to fill the gap between the short-term positive results and 
the actual reduction of ACL injury rates, individualized feedback might enhance 
movement patterns better than instructing females ‘to move like males’ based on 
observed sex differences in descriptive studies.64
In Chapter 3 multiple practical examples are given on how to provide individual 
feedback. This can be accomplished by using video instructions and feedback with 
or without direct comparison with the expert,24 with real-time feedback to im-
prove movement technique,9,32,62 or by stimulating implicit learning to find optimal 
solutions for each unique athlete. This type of learning gives the athletes the op-
portunity to view themselves performing the tasks correctly, making mistakes and 
responding to the corrections. Novel feedback techniques with an EF component 
for ACL injury prevention seems promising.
We wanted to better explore which factors contribute to proneness to ACL injury 
during landing in order to optimize interventions aimed at reducing risk for in-
jury. It was presumed that better understanding of observed movement patterns 
would help to further optimize ACL injury prevention programs and therefore two 
experiments were conducted (Chapter 4 and 5). In these experiments we wanted 
to move beyond the descriptive phase and examine the effect of feedback on 
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movement strategies in both sexes. Therefore, we narrowed our focus in tackling 
the ACL injury phenomenon and examined how females and males respond to 
verbal and visual stimuli. For the techniques proposed in Chapter 3 to be success-
ful, retention is one of the outcomes that should be examined to determine the 
learning effect. The two experiments included retention periods of one week and 
one month (Chapter 4) and one week (Chapter 5).
In Chapter 4 the subjects performed unanticipated sidestep cutting as it is 
imperative to reduce knee joint loading during sport-specific tasks.50,108 Subjects 
received video feedback of the individual’s best trial: i.e. smallest knee frontal 
plane moment. The CoM position is essential to improve movement strate-
gies.15,34,42,44,49,89,92 The subjects also viewed the trunk as they were reviewing their 
own whole body technique and were instructed to replicate the trial to the best of 
their ability. In this experiment, visual feedback had a greater effect in males com-
pared to females. Injury risk may have been reduced by an increase in knee flexion 
moment or decrease in knee valgus moment respectively, whereas performance 
(running speed) was not compromised. It is now known that females and males 
react differently and this should be examined further and incorporated into ACL 
injury prevention programs. The question arises whether a ‘one size fits all’ injury 
prevention program will work. Females may benefit more from a combination of 
individual visual and verbal cues. Given their physical capacities, males might be 
better able to adjust their limb mechanics during complex whole body dynamic 
actions to align the vGRF favorably and keep the chance of injury low due to their 
ability to use variability (Chapter 4).22 The smaller ability in female athletes to 
actively control their landing is in accordance with a ‘ligament dominant’ landing.68 
Ligament dominant landing in females may be an important factor for increased 
injury risk, as they may be less able to attenuate high external forces. Whether 
less muscle strength is a result or cause of their ligament dominant landing style 
is still an issue of debate. It might be over-simplified that strengthening the quad-
riceps will result in improved movement patterns that reduce ACL injury risk.14,65,69
In addition, with reduced neuromuscular control, the direction of the vGRF is 
less controlled in all planes. Given the different response of females, researchers 
may need to consider that female athletes need more input or time to fully use the 
potential of plasticity of motor learning to adopt a safe landing strategy. In general, 
a combination of visual and verbal feedback strategies along with a combination 
of individualized visual feedback and feedback from an expert model seems to be 
promising.
Providing visual feedback via self-modeling (i.e. having yourself as an example 
to replicate) may be one method of modifying high risk movements. Males showed 
favorable results in terms of retention (Chapter 4). As feedback after good tri-
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als enhances learning, this whole body approach where athletes can review their 
own technique might be promising. Experiencing competence through good trials, 
knowing that they are watching their best trial and being involved in analyzing 
own technique, adds to the evidence of motivational influences on motor learning: 
e.g. intrinsic motivation, interest and enjoyment, positive normative feedback.21 In 
this study a predetermined feedback schedule was used. However self-controlled 
feedback schedules may have better potential.19 If self-controlled feedback 
schedules are used, the athletes are more involved in their learning process, also 
considering that they mostly have quite a good sense of how they perform.20 This 
so-called self-controlled practice has generally been assumed to initiate a more 
active involvement of the athlete, enhance motivation, increase the effort invested 
in practice8,17,20,45 and increase compliance. Frontal plane knee moments were not 
statistically significantly reduced in this experiment. The most effective technique 
to reduce knee frontal plane moments during unanticipated sidestep cutting is 
still not known. Furthermore, the movement patterns of the female athletes were 
not affected significantly. It needs to be determined why females were not very 
responsive to the feedback modes used in the current study. The solution may be 
found in optimizing whole body technique,15,25 by using combinations of instruc-
tions and feedback modes. Future research should examine how females respond 
to various combinations: visual and verbal feedback, expert and self-feedback and 
self-controlled learning. Females may need more time for their training to result in 
a safer landing pattern. In conclusion, the whole body approach through the use of 
video feedback in unanticipated sidestep cutting seems to be an effective approach 
to achieve permanent change, especially in males.
To further substantiate our theoretical model, the effect of expert video in-
struction and self-controlled feedback during drop vertical jumping was examined 
(Chapter 5). This study demonstrated beneficial effects of VI instruction in both 
female and male recreational athletes. Females also benefitted from verbal EF 
instructions. EF and VI instructions led to significant improvement in landing tech-
nique while maintaining performance (jump height) after a training session and 
remained present one week later. By showing the movement pattern of an expert, 
positive normative feedback was given, addressing good instead of poor trials. 
Addressing a positive movement goal is potentially more effective than correct-
ing an athlete’s faulty technique (e.g. “do not let your knee buckle inwards”) as 
positive normative feedback enhances learning while negative normative feedback 
degrades learning.18 In contrast to our experiment in Chapter 4, the subjects 
themselves determined when to receive feedback. Self-controlled feedback, i.e. 
providing feedback to the athletes on request with an overall score as an indication 
of their technique (the Landing Error Scoring System (LESS) score) led to signifi-
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cant improvement in landing technique and performance after a training session 
and remained present one week later in the groups receiving verbal EF and expert 
video instructions. It is interesting to realize that most trainers and coaches deter-
mine if or when instructions or feedback will be provided.86 However, considering 
the results of this study and others,19,21 athletes should be able to control their own 
feedback schedule. To further strengthen the results of this study, biomechanical 
analysis should be added to exactly know the kinematic and kinetic improvements 
in technique. However, the LESS score is a validated clinical assessment tool that 
reveals individual movement patterns.79 This allows training staff to assist athletes 
in practicing items with which an individual athlete still has room for improvement 
(e.g. knee flexion angle at initial contact).
In general, the experiments in Chapters 4 and 5 have some limitations. Even 
though retention was achieved in both studies, it is imperative for future studies to 
examine the transfer of effects to other tasks including on field performance. Since 
ACL injuries occur mostly in games during sidestep cutting or after landing from 
a jump, it is important to have athletes move safely during games. Only then can 
a valid judgement be made in respect to the value of the training for the trainers, 
coaches and athletes. In addition, the effect of combinations of feedback during 
these tasks, for example video feedback and IF instructions or video feedback and 
EF instructions, is still not known. This is important to examine as combinations 
of feedback modes could enhance learning, especially in complex tasks.110 The 
specific type of focus that subjects will benefit most from is still unknown. The con-
sistency with which subjects followed the prescribed attentional focus instructions 
was examined with a questionnaire in Chapter 5.85 However, consciously writing 
down what a subject focused on during practicing may not yield an accurate report 
and reflect the automatic process that occurred during testing. Another issue 
pertains to the visual information provided, as subjects were only provided with 
posterior views. With complex maneuvers, more comprehensive feedback may be 
advantageous to achieve whole body technique modification as knee load is also 
dependent of trunk control.44 Only a posterior view was provided, which may not 
give the athlete a complete understanding of what was required to move like the 
self (Chapter 4) or expert (Chapter 5) model. Offering different views (front, side, 
back) may have resulted in better adoption of the required technique. The instruc-
tions and feedback should be kept relatively simple though, as high complexity of 
feedback hampers motor learning.58
Lastly, risk factors for ACL injury in male athletes are relatively unknown.3 
Additionally, ACL injury mechanisms in male athletes have been sparsely inves-
tigated.51,106 Even though motor control was enhanced in the male athletes after 
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they received video feedback, whether this reduced their ACL injury risk needs to 
be determined. ACL injury after sidestep cutting and landing from a jump also oc-
curs in male athletes,51 however, it is advised to collect more data and investigate 
whether these are the two most common injury mechanisms.
The results in Chapter 4 and 5 are in agreement with others showing that expert 
and/or self-video feedback improves movement technique.25,67,76,77,81 The results 
of the performance measures (jump height and running speed) in Chapter 4, 
Chapter 5 and others25 support the use of an EF attentional focus as opposed to 
an IF attentional focus.67 Adding verbal instructions could enhance motor learning. 
However, the type of verbal instructions is important as instructions that induce 
an EF yield better results in motor skill acquisition and retention compared to IF 
instructions.11,23,56,114
Visual instructions can also affect landing technique when implemented in a 
home- or field-based program.73,81,97 This is very promising as there is a need for 
unsupervised injury prevention programs.31 Subsequently, athletes do not need 
constant monitoring during their prevention program, which in turn may solve the 
problem of coach compliance. A promising aspect of this study was that the effect 
remained over time, as also showed in Chapter 4 and 5 and another study.81 In 
this dissertation, retention and transfer of learned motor skills are constant factors 
considered to be important to enhance ACL injury prevention programs. Based 
on Chapter 4 and 5, retention seems to be very promising when adapting an EF. 
The next step is to test the most optimal form of instructions and feedback in an 
on-field RCT intervention study to investigate the effect of attentional focus on 
transfer to the field in order to reduce the ACL injury incidence.
Conclusion
This dissertation supports the proposed theoretical framework of motor learning 
methods employing an EF that may optimize ACL injury prevention programs. 
Relatively permanent skill acquisition, shown with retention tests, was achieved 
with a relatively small number of training sessions. This highlights the economic 
potential to use various EF instruction modes. Less time is needed from staff to 
supervise training sessions. Low compliance from coaches may also become less of 
a problem as only periodic, not year long, training may be necessary. Moreover, the 
increase in performance may be the most important incentive for coaches to adopt 
the presented training programs as outlined in this dissertation.
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Learning with an EF is an effective way to let the athlete optimize performance, 
yet keep the risk of injury low. This combination is a key element for effective ACL 
injury prevention. Practical tools for training staff are offered to implement this 
type of learning in their training regimens, like dyad training, video feedback or 
a simple change in wording to induce an EF of attention. A ‘one size fits all’ ACL 
injury prevention program while having females try to ‘move like males’ may not 
be optimal and it is concluded that risk factors should be determined and targeted 
on an individual basis. Athletes should be stimulated to find an individual way, 
including its effective variations, to tackle and reduce their risk factors for ACL 
injury. This dissertation only addressed a small percentage of all factors involved 
in ACL injury risk. However, the results of the experiments endorsed the theoretical 
framework (Chapter 2) and increased the body of knowledge on this topic. Insight 
was gained into the ACL injury paradigm and how enhanced motor learning can 
contribute to optimization of ACL injury prevention programs.
Future directions
The most challenging aspect for the future is to effectively implement the above 
suggested instructional and feedback strategies.61,99 Further research is necessary 
to further strengthen and determine the most effective instruction and feedback 
modes, specifically for ACL injury prevention, in different sport populations (level, 
age, sex, healthy and ACL injured). Benefits of adopting an EF are not only seen 
relative to IF conditions, but also in comparison to control conditions.112,115,116 
Despite the obvious benefits, athletes have the tendency to adopt an IF even 
when they are not explicitly instructed to do so.86 This is an interesting and under-
exposed fact clinicians and coaches should be aware of. As coaches mostly use an 
IF (84.6%) while instructing their athletes, this indicates that coaches might not 
be familiar with the beneficial effects of using an EF.86 It has been suggested that 
coaches view motor learning as too theoretically driven.28 There is a need for better 
implementation and education materials for clinicians and training staff that high-
lights relevant motor learning issues.95,109 Based on this dissertation and previous 
research11,47 professionals are encouraged to use an EF to 1) increase the athlete’s 
performance and 2) reduce the risk of ACL injury. So far, it has been stated that 
performance enhancement and injury risk reduction should be considered as two 
separate trainable capacities, as examined prevention programs did not enhance 
or even reduce performance.23,54,93,105 Because performance enhancement is their 
main goal, it is very hard to convince coaches to implement an injury prevention 
program.48,99 However, they should be taught that injury prevention and perfor-
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mance improvement go hand in hand when adopting an EF of attention, as shown 
in our recent review11 and Chapter 4 and 5 of this dissertation.
As the efficacy of ACL injury prevention programs is highly dependent on the 
compliance of athletes and coaches,35,47,94,96 there is a need to further investigate 
how to make ACL injury prevention just ’part of the game’.16 Knowledge and beliefs 
alone may not impact program adherence,35,63 so other motivational factors must 
be considered along with the most effective way they can be targeted. Ideally, 
properly learned motor skills will become permanent.90 Considering improved 
retention when an EF or visual feedback or instructions is applied (Chapter 4 and 
5),111 the newly learned skills need only periodic maintenance. This implies that 
less time from coaches and athletes will be needed to review and reinforce desired 
movement patterns. As this is less time consuming and enhances performance, 
compliance may increase.
Recent advances show that training staff is more and more in need of individual 
monitoring of athletes to prevent injuries,16,61,100,102 enhance performance and im-
prove safe return to sport. With new products using video feedback, ‘exergaming’ 
and ‘gamified’ scoring, common encountered barriers preventing training staff 
from implementing and adhering to the ACL injury prevention programs might be 
overcome. Literature is showing that these new products with gaming elements 
might enhance motivation and therefore compliance and effect.12,104 Comparing 
one’s own scores with oneself at home, an expert or teammates during practice 
and setting positive goals creates additional learning advantages due to social in-
teraction and competition that enhance motivation.36 Practicing with other athletes 
in an interactive manner may encourage athletes to set goals at a higher level of 
difficulty, as they will try to ‘compete’ with their peer.52,107
Injury prevention might also become more appealing with an innovative in-
tegrated approach where injury prevention, performance enhancement and re-
habilitation are streamlined and facilitated.103 This may help in reaching the goal 
that injury prevention in the future is just considered to be ’part of the game’.16,61 
Information can easily be up- and downloaded and will be readily available to the 
user wherever they need it. Most importantly, this approach might help coaches 
experiencing that injury prevention and performance enhancement are comple-
mentary to each other.
We recognize that an ACL injury is a result of many factors coming together, such 
as fatigue, physical fitness, age, prior injury, weather conditions or anatomy.3,4,27 In 
this dissertation, it was postulated that the ACL injury mechanism is also a result of 
suboptimal motor control, opening a new area for research in ACL injury prevention. 
It should be noted that this outline of future directions is not strictly based on the ex-
periments in this dissertation. However, the results in Chapter 4 and 5 point towards 
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a direction that confirms our presumption that concepts of motor learning have 
a great potential when implemented in ACL injury prevention. Program variables 
including the content, frequency and timing of feedback to improve the effectiveness 
of ACL injury prevention protocols must be further explored. Future on-field research 
should examine whether the innovative strategies mentioned and examined in this 
dissertation indeed provides more stable solutions in stressed and fatigued states,87 
i.e. game situations where the actual ACL injuries occur.
Implications: what’s in it for athletes and their 
professionals?
From the athletes perspective, our proposed motor learning techniques may reduce 
time needed to reduce ACL injury risk. Coaches on the other side are less burdened 
in time allocated to ACL injury prevention as the proposed motor learning tech-
niques enhance the learning process of skill acquisition. Compliance in adhering 
to preventative exercises and actual facilitation of behavioral change might be 
achieved when trainers and coaches realize the need and advantages of enhanced 
performance and reduce injury risk. Preventative exercises should be part of the 
regular training regimens where a better technique and performance is imperative 
for injury reduction. In addition, the benefits of intrinsic motivations’ lower time 
requirement and motivating elements, such as having fun in setting goals and easy 
comparable scores with peer athletes, might increase chances for a successful 
integration of regular training regimens (Chapter 3).48 As there is a wide variation 
of normal ranges across kinematic variables,33 professionals working with athletes 
are encouraged to assist them in finding individual optimal movement patterns 
including effective variations while performing complex tasks. Athletes who have 
acquired motor skills with a large set of variations will most likely have decreased 
injury risk.22,41,82 Trainers and coaches, sport physical therapists, athletic trainers, 
strength and conditioning specialists should consider sex specific capacities and 
preferences in learning styles as outlined in this dissertation. A combination of vi-
sual and externally focused verbal feedback strategies seems warranted, especially 
in regard to complex tasks (Chapter 4 and 5).46 In addition, when individualized 
feedback along with expert instructions are offered and athletes have the ability to 
choose when to receive feedback, the learning effect seems most promising.13,29
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In summary, clinical and training staff is encouraged to:
-  add video instruction or feedback to their regular training regimens when 
teaching athletes technical skills
-  add external focus verbal instruction or feedback to their daily training 
regimens when teaching athletes technical skills
-  appreciate sex differences in learning styles, males seem to respond better 
to video feedback, females might need additional information
-  consider providing combinations of instructions or feedback, especially with 
complex skills
-  provide individual feedback based on individual movement patterns instead 
of applying a ‘one size fits all’ schedule
- alternate between providing self and expert videos as an example
- provide positive comparative feedback
- have their athletes practice with peers in for example dyad training
- have their athletes self determine when to receive feedback




1. Aerts I, Cumps E, Verhagen E, Wuyts B, Van De Gucht S, Meeusen R. The effect of a 
3-month prevention program on the jump-landing technique in basketball: a random-
ized controlled trial. J Sport Rehabil. 2015;24:21-30.
2. Agel J, Arendt EA, Bershadsky B. Anterior cruciate ligament injury in national colle-
giate athletic association basketball and soccer: a 13-year review. Am J Sports Med. 
2005;33:524-530.
3. Alentorn-Geli E, Mendiguchia J, Samuelsson K, et al. Prevention of anterior cruciate 
ligament injuries in sports. Part I: systematic review of risk factors in male athletes. 
Knee Surg Sports Traumatol Arthrosc. 2014;22:3-15.
4. Alentorn-Geli E, Myer GD, Silvers HJ, et al. Prevention of non-contact anterior cruciate 
ligament injuries in soccer players. Part 2: A review of prevention programs aimed to 
modify risk factors and to reduce injury rates. Knee Surg Sports Traumatol Arthrosc. 
2009;17:859-879.
5. Allen R, Reber AS. Very long term memory for tacit knowledge. Cognition. 1980;8:175-
185.
6. Ardern CL, Taylor NF, Feller JA, Webster KE. A systematic review of the psychological fac-
tors associated with returning to sport following injury. Br J Sports Med. 2013;47:1120-
1126.
7. Ardern CL, Taylor NF, Feller JA, Whitehead TS, Webster KE. Sports participation 2 years 
after anterior cruciate ligament reconstruction in athletes who had not returned to sport 
at 1 year: a prospective follow-up of physical function and psychological factors in 122 
athletes. Am J Sports Med. 2015;43:848-856.
8. Badami R, VaezMousavi M, Wulf G, Namazizadeh M. Feedback after good versus poor 
trials affects intrinsic motivation. Res Q Exerc Sport. 2011;82:360-364.
9. Baltaci G, Harput G, Haksever B, Ulusoy B, Ozer H. Comparison between Nintendo Wii 
Fit and conventional rehabilitation on functional performance outcomes after hamstring 
anterior cruciate ligament reconstruction: prospective, randomized, controlled, double-
blind clinical trial. Knee Surg Sports Traumatol Arthrosc. 2013;21:880-887.
10. Beilock SL, Carr TH. On the fragility of skilled performance: what governs choking under 
pressure? J Exp Psychol Gen. 2001;130:701-725.
11. Benjaminse A, Welling W, Otten B, Gokeler A. Novel methods of instruction in ACL injury 
prevention programs, a systematic review. Phys Ther Sport. 2015;16:176-186.
12. Betker AL, Szturm T, Moussavi ZK, Nett C. Video game-based exercises for balance 
rehabilitation: a single-subject design. Arch Phys Med Rehabil. 2006;87:1141-1149.
13. Boyer E, Miltenberger RG, Batsche C, Fogel V. Video modeling by experts with video 
feedback to enhance gymnastics skills. J Appl Behav Anal. 2009;42:855-860.
14. Carcia CR, Kivlan B, Scibek JS. The relationship between lower extremity closed kinetic 
chain strength & sagittal plane landing kinematics in female athletes. Int J Sports Phys 
Ther. 2011;6:1-9.
15. Celebrini RG, Eng JJ, Miller WC, et al. Effect of a novel movement strategy in decreasing 
ACL risk factors in female adolescent soccer players: a randomized controlled trial. Clin 
J Sport Med. 2014;24:134-141.
16. Chalmers DJ. Injury prevention in sport: not yet part of the game? Inj Prev. 2002;8 
Suppl 4:IV22-25.
17. Chen DD, Hendrick JL, Lidor R. Enhancing self-controlled learning environments: the 
use of self-regulated feedback information. J Hum Mov Stud. 2002;43:69–86.




19. Chiviacowsky S, Wulf G. Self-controlled feedback is effective if it is based on the learner’s 
performance. Res Q Exerc Sport. 2005;76:42-48.
20. Chiviacowsky S, Wulf G. Self-controlled feedback: does it enhance learning because 
performers get feedback when they need it? Res Q Exerc Sport. 2002;73:408-415.
21. Chiviacowsky S, Wulf G, Lewthwaite R. Self-controlled learning: the importance of 
protecting perceptions of competence. Front Psychol. 2012;3:458-466.
22. Cortes N, Onate J, Morrison S. Differential effects of fatigue on movement variability. 
Gait Posture. 2014;39:888-893.
23. Dai B, Garrett WE, Gross MT, Padua DA, Queen RM, Yu B. The effects of 2 landing 
techniques on knee kinematics, kinetics, and performance during stop-jump and side-
cutting tasks. Am J Sports Med. 2015;43:466-474.
24. Dallinga J, Benjaminse A, Gokeler A, Cortes N, Otten B, Lemmink KAPM. Innovative 
video feedback on jump landing improves landing technique in males. J Strength Cond 
Res. 2015;Submitted:
25. Dempsey AR, Lloyd DG, Elliott BC, Steele JR, Munro BJ. Changing sidestep cutting 
technique reduces knee valgus loading. Am J Sports Med. 2009;37:2194-2200.
26. Ekstrand J. Keeping your top players on the pitch: the key to football medicine at a 
professional level. Br J Sports Med. 2013;47:723-724.
27. Elliot DL, Goldberg L, Kuehl KS. Young women’s anterior cruciate ligament injuries: an 
expanded model and prevention paradigm. Sports Med. 2010;40:367-376.
28. Ericsson KA, Williams AM. Capturing naturally occurring superior performance in 
the laboratory: translational research on expert performance. J Exp Psychol Appl. 
2007;13:115-123.
29. Etnoyer J, Cortes N, Ringleb SI, Van Lunen BL, Onate JA. Instruction and jump-landing 
kinematics in college-aged female athletes over time. J Athl Train. 2013;48:161-171.
30. Finch CF. Getting sports injury prevention on to public health agendas - addressing the 
shortfalls in current information sources. Br J Sports Med. 2012;46:70-74.
31. Finch CF, Diamantopoulou K, Twomey DM, et al. The reach and adoption of a coach-led 
exercise training programme in community football. Br J Sports Med. 2014;48:718-723.
32. Ford K, DiCesare C, Myer G, Hewett T. Real-Time Biofeedback to Target Risk of Anterior 
Cruciate Ligament Injury: Implications for Injury Prevention and Rehabilitation. J Sport 
Rehab. 2015;
33. Fox AS, Bonacci J, McLean SG, Spittle M, Saunders N. What is normal? Female lower 
limb kinematic profiles during athletic tasks used to examine anterior cruciate ligament 
injury risk: a systematic review. Sports Med. 2014;44:815-832.
34. Frank B, Bell DR, Norcross MF, Blackburn JT, Goerger BM, Padua DA. Trunk and hip 
biomechanics influence anterior cruciate loading mechanisms in physically active par-
ticipants. Am J Sports Med. 2013;41:2676-2683.
35. Frank BS, Register-Mihalik J, Padua DA. High levels of coach intent to integrate a ACL 
injury prevention program into training does not translate to effective implementation. 
J Sci Med Sport. 2014;18:400-406.
36. Granados C, Wulf G. Enhancing motor learning through dyad practice: contributions of 
observation and dialogue. Res Q Exerc Sport. 2007;78:197-203.
37. Gray R. Attending to the execution of a complex sensorimotor skill: expertise differ-
ences, choking, and slumps. J Exp Psychol Appl. 2004;10:42-54.
38. Grimm NL, Shea KG, Leaver RW, Aoki SK, Carey JL. Efficacy and degree of bias in 
knee injury prevention studies: a systematic review of RCTs. Clin Orthop Relat Res. 
2013;471:308-316.
39. Guillot A, Desliens S, Rouyer C, Rogowski I. Motor Imagery and Tennis Serve Perfor-
mance: The External Focus Efficacy. J Sports Sci Med. 12:332-338.
135
Discussion
40. Hagglund M, Atroshi I, Wagner P, Walden M. Superior compliance with a neuromuscular 
training programme is associated with fewer ACL injuries and fewer acute knee injuries 
in female adolescent football players: secondary analysis of an RCT. Br J Sports Med. 
2013;47:974-979.
41. Hamill J, van Emmerik RE, Heiderscheit BC, Li L. A dynamical systems approach to lower 
extremity running injuries. Clin Biomech (Bristol, Avon). 1999;14:297-308.
42. Havens KL, Sigward SM. Whole body mechanics differ among running and cutting ma-
neuvers in skilled athletes. Gait Posture. 2014;
43. Holm I, Fosdahl MA, Friis A, Risberg MA, Myklebust G, Steen H. Effect of neuromuscular 
training on proprioception, balance, muscle strength, and lower limb function in female 
team handball players. Clin J Sport Med. 2004;14:88-94.
44. Jamison ST, McNally MP, Schmitt LC, Chaudhari AM. The effects of core muscle activation 
on dynamic trunk position and knee abduction moments: implications for ACL injury. J 
Biomech. 2013;46:2236-2241.
45. Janelle CM, Barba DA, Frehlich SG, Tennant LK, Cauraugh JH. Maximizing performance 
feedback effectiveness through videotape replay and a self-controlled learning environ-
ment. Res Q Exerc Sport. 1997;68:269-279.
46. Janelle CM, Champenoy JD, Coombes SA, Mousseau MB. Mechanisms of attentional 
cueing during observational learning to facilitate motor skill acquisition. J Sports Sci. 
2003;21:825-838.
47. Joy EA, Taylor JR, Novak MA, Chen M, Fink BP, Porucznik CA. Factors influencing the 
implementation of anterior cruciate ligament injury prevention strategies by girls soccer 
coaches. J Strength Cond Res. 2013;27:2263-2269.
48. Keats MR, Emery CA, Finch CF. Are we having fun yet? Fostering adherence to injury 
preventive exercise recommendations in young athletes. Sports Med. 2012;42:175-
184.
49. Kristianslund E, Faul O, Bahr R, Myklebust G, Krosshaug T. Sidestep cutting technique 
and knee abduction loading: implications for ACL prevention exercises. Br J Sports Med. 
2014;48:779-783.
50. Kristianslund E, Krosshaug T. Comparison of drop jumps and sport-specific sidestep 
cutting: implications for anterior cruciate ligament injury risk screening. Am J Sports 
Med. 2013;41:684-688.
51. Krosshaug T, Nakamae A, Boden BP, et al. Mechanisms of anterior cruciate ligament 
injury in basketball: video analysis of 39 cases. Am J Sports Med. 2007;35:359-367.
52. Kyllo LB, Landers DM. Goal setting in sport and exercise: a research synthesis to resolve 
the controversy. J Sports Ex Psychol. 1995;17:117–137.
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An ACL injury has profound physical and psychosocial consequences for athletes4,5 
as sports participation most often is reduced, as well as for society in terms of high 
costs for healthcare.19 Hence prevention of ACL injuries has received considerable 
attention over the last decades. Implementation of a universal injury prevention 
program would save $100 per player per season and would reduce the incidence 
of ACL injury from 3.0% to 1.1% per season.33 In general, the implementation of 
ACL injury prevention programs shows conflicting results,30 and lacks long-term 
effectiveness with no reduction of ACL injury rates.1,12,29 This suggests a missing 
link between improved movement technique in controlled settings and transfer of 
these learned techniques to the field or during a game.
One reason might be that efficacy is highly dependent on the compliance of 
athletes and coaches. Coaches are hesitant to implement ACL injury prevention 
exercises, given the time investment and lack of performance benefits.9,18,32,36 
They may feel it is too much, not of their primary interest,10,13,15,17,22,35 does not 
offer a relative advantage over their existing practices, does not align with their 
needs or is too complex to implement in their setting.26 Athletes, on the other 
hand, use arguments like it “takes too long”, “is boring”, “has no performance 
benefits” or “is too difficult”.25 Another reason for achieving suboptimal long-term 
results might be the way preventative training is given. In the current ACL injury 
prevention programs athletes are mostly encouraged to focus on the quality of 
their movements in order to improve awareness and knee control during cutting, 
jumping and landing.14 However, telling athletes explicitly how to move may be 
counterproductive and less suitable for the acquisition of the control required for 
complex motor skills.21
The implementation of motor learning principles into ACL injury prevention 
programs has not been previously investigated. This innovative approach is further 
pursued in this dissertation. Motor skills can be learned with attention directed to 
the movement itself (e.g. “flex your knees”), which is defined as an internal focus 
(IF).37 Whereas with an external focus (EF), attention is directed towards the effect 
of the movement (e.g. “imagine you are going to sit on a chair”).37 Employing in-
structions and feedback with an EF may enhance automatic movement control,37 
very relevant to training or game situations where unexpected and fast movements 
are required. In addition, improvement in the delivery of instructions and feedback 
to the athletes may enhance compliance, improve skill retention and its transfer to 
sport and optimize program efficiency, resulting in enhanced long-term outcomes.
The existing programs have yet to be effectively implemented and need to be 
sustainable over time in different conditions, for example using wide-spread imple-
mentation with high compliance rates and long-term retention.31 It is therefore 
suggested that researchers focus on improving and universally implementing these 
143
Summary
programs.33 The aim of this dissertation was therefore to contribute to the body 
of knowledge that may help to optimize ACL injury prevention programs through 
enhanced motor learning.
In Chapter 1 a systematic review is presented. As females have an increased risk 
for sustaining an ACL injury,29 sex differences in ACL injury incidence play an impor-
tant role in ACL-related research. We wanted to gain insight into these differences 
from a clinical point of view. Seven studies were included for this review to analyze 
the results of kinematic, kinetic and neuromuscular patterns during sidestep cutting 
maneuvers. Kinematic and kinetic sex differences were of questionable clinical rel-
evance and quadriceps dominance (defined as an imbalance between knee extensor 
and flexor strength, recruitment, and coordination) was not found in females. The 
question arises whether ACL injuries during plant and cutting maneuvers are purely 
sex related and whether females have to learn to pivot and cut like males in order 
to reduce injury risk. The results suggest that future research should look beyond 
the isolated descriptive female/male comparison. It is important to examine the 
underlying causes and to question whether the biomechanical and neuromuscular 
differences really reflect the enhanced risk in females.23 The descriptive studies give 
important insight, but cause-effect relationships are not well understood. Future 
research must focus on examining and understanding the causes underlying these 
differences in incidence and the best way to target this discrepancy. The largest 
number of ACL injuries still occur in male athletes.29 If female and male athletes 
have their own risk factors,2 different factors need to be considered when develop-
ing injury prevention programs tailored towards individual needs.
In Chapter 2 we provide a theoretical framework from our search for optimizing 
current ACL injury prevention programs. The advantages of an EF compared to an 
IF especially seem to benefit athletes as skills acquired with an EF are more resilient 
under psychological6,11,24 and physiological fatigue,20,28 while being more durable3 
and robust34 when fast movements are required. According to the ‘constrained ac-
tion hypothesis’, a focus on the movement effect (i.e. EF) promotes the utilization 
of unconscious or automatic processes.37 Whereas a focus on the movement itself 
(i.e. IF) results in a more conscious type of control that constrains the motor sys-
tem and disrupts automatic control processes, as someone is focusing on his or her 
own body movements.37 Learning with an EF, e.g. visual instruction or feedback, 
may enhance automatic movement control. For athletes it is very relevant and 
beneficial to learn movement skills that become permanent in all situations.
Optimization of the current prevention programs could be achieved by assisting 
athletes in finding optimal individual movement patterns by controlling forces 
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belonging to complex motor skills. This is fundamentally different compared to 
teaching a ’one size fits all’ movement pattern. The effect of immediate visual feed-
back of the athlete’s own movement technique is an area which is still relatively 
unexplored. Theoretically this can have better long lasting effects and therefore aid 
in achieving long-term results. In order to fill the gap between the short-term posi-
tive results and the actual reduction of ACL injury rates, individualized feedback 
might enhance movement patterns better than instructing females ‘to move like 
males’ based on observed sex differences in descriptive studies.23
Based on this theoretical framework, we continued by providing practical examples 
in Chapter 3. Adoption of instructions that induce an EF has important implications 
for ACL injury prevention as it potentially optimizes retention and transfer to the 
field. In addition, motor learning with an EF is effective for the establishment of safe 
movement technique with optimal performance (e.g. jump height).7 Therefore, the 
development of novel feedback techniques with an EF component for ACL injury pre-
vention seems promising. For example, this can be accomplished by using real-time, 
video feedback or dyad training with observation of oneself or a model, while adding 
positive, EF verbal feedback. Providing athletes individual visual feedback on move-
ment technique allows them to view how they personally perform the movement 
task and actively problem solve by evaluating their trials and thus find individual 
ways to achieve optimal movement technique. Within this chapter we have proposed 
ideas for training staff to use in an attempt to advance ACL injury prevention.
Future research should focus on which, if any combinations of the presented 
novel techniques in Chapter 3 creates the least dependency on training staff as well 
as yields good retention and transfer to the field. For ACL injury prevention, it is 
imperative to reduce knee joint loading strategies during sport-specific tasks such 
as the complex maneuver of unanticipated sidestep cutting.16 Therefore, the effect 
of novel feedback techniques on unanticipated sidestep cutting has been examined 
in Chapter 4. With this experiment we wanted to better understand the often 
observed phenomenon of sex differences in movement strategies and investigate 
how this can be addressed with proper interventions. The purpose of this study 
was therefore to investigate the effects of an IF (by a verbal stimulus) and an EF 
(by a visual stimulus) on peak knee joint loading during sidestep cutting over time 
in 90 female and male recreational basketball athletes. One session with feedback 
for the visual and verbal group was conducted, with two retention sessions (one 
week and one month after the first session) with no feedback for either of the 
groups. The largest effect was seen in the males receiving visual feedback, tending 
to reduce the frontal plane moments, while increasing the vertical ground reaction 
force (vGRF) and external knee flexion moment over time. Overall, females tended 
to keep their knee flexion moments low, potentially placing them at greater risk for 
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injury. Receiving visual feedback works advantageous in potentially reducing injury 
risk in males considering the increase in knee flexion moment and/or decrease in 
knee valgus moment, while performance (running speed) was not compromised. 
Learning new strategies can be hampered in females if they use their muscles 
less effectively. Perhaps, female athletes need more time to adopt a safe landing 
strategy. Moreover, it is plausible that females prefer different learning strategies 
(e.g. combination of visual and verbal feedback). The results of this study suggest 
that providing individual visual feedback to males may be one method of modifying 
sidestep movements, with promising results in terms of retention.
To further optimize novel feedback techniques, the last research project was 
conducted. The effect of attentional focus during a double legged drop vertical 
jump (DVJ) is investigated in Chapter 5. Self-controlled feedback along with 
providing expert videos was added to the protocol. The DVJ was evaluated with 
the real time Landing Error Scoring System (LESS). This practical tool gives an 
indication of injury risk to evaluate and optimize the DVJ landing technique.27 Forty 
recreational athletes performed DVJ’s in five sessions: a pretest (baseline mea-
surement), two training blocks (TR1 and TR2), a posttest directly after TR1 and 
TR2 and a retention test one week later. General instructions were provided before 
the pretest, group specific instructions were offered before TR1 and TR2 started 
and after every 5 trials in TR1 and TR2. The IF group received instruction regarding 
attention to the body, the EF group received instruction directed to the movement 
effect and the video (VI) group viewed an expert video. In addition, subjects in the 
IF, EF and VI groups were free to ask for feedback after every DVJ in TR1 and TR2, 
which included their real time LESS score. Subjects were aware that a lower LESS 
score implied a better landing strategy. This study demonstrated beneficial effects 
of VI instruction in female and male athletes. Females also benefitted from verbal 
EF instructions. EF and VI instructions led to significant improvement in landing 
technique (while jump height was maintained) and remained present one week 
later. The fact that retention was achieved after a short training session has great 
potential to improve the effectiveness of current ACL injury prevention programs.
In summary, this dissertation contributed to the understanding of motor learn-
ing during complex tasks and an innovative approach in ACL injury prevention 
is presented. It is advised to consider sex specific EF feedback strategies when 
incorporating ACL injury prevention exercises. Professionals are advised to give 
instructions and feedback focusing on the result of the movement (EF) instead 
of specific body parts (IF) to 1) improve performance of the athlete (e.g. jump 
distance or jump height) and 2) decrease the risk of ACL injury. When training staff 
realize that injury prevention and performance enhancement go hand in hand, 
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Een voorste kruisband (VKB) blessure heeft verstrekkende fysieke en psychosociale 
consequenties voor sporters aangezien de sportparticipatie meestal moet worden 
verminderd,4,5 alsook voor de maatschappij gezien de hoge gezondheidskosten.19 
Het is hierom dat VKB-blessure-preventie aanzienlijke aandacht heeft gekregen in 
de laatste decennia. De implementatie van een universeel preventieprogramma 
zou $100 per speler per seizoen schelen en zou de incidentie van het aantal VKB-
blessures doen afnemen met 3.0% tot 1.1% per seizoen.33 Over het algemeen 
laten de preventieprogramma’s echter tegenstrijdige resultaten zien30 en ontbreekt 
effectiviteit op de lange-termijn: geen afname van het aantal VKB-blessures.1,12,29 
Dit suggereert een ‘missing link’ tussen geleerde veilige bewegingstechnieken 
tijdens een gecontroleerde situatie zoals een training en de transfer hiervan naar 
het veld of tijdens een wedstrijd.
Een reden hiervoor kan zijn dat de efficiëntie in grote mate afhankelijk is van 
de compliantie van coaches en sporters. Coaches zijn vaak terughoudend met het 
implementeren van blessure-preventie-oefeningen gezien tijd die erin gestoken 
moet worden en het niet ervaren van een toename van de prestatie.9,18,32,36 Ze 
hebben vaak het gevoel dat het te veel is, bovendien heeft het niet hun primaire 
interesse,10,13,15,17,22,35 ze hebben niet het gevoel dat het hun voordeel oplevert ten 
opzichte van de huidige oefeningen, het komt het niet overeen met hun behoeften 
of is het te ingewikkeld om in de dagelijkse praktijk te integreren.26 De sporters 
aan de andere kan geven aan dat het “te lang duurt”, “het saai is”, “het geen pres-
tatievoordelen oplevert” of “het te moeilijk is”.25 De suboptimale lange-termijn re-
sultaten kunnen anderzijds ook resultaat zijn van de manier waarop de preventieve 
oefeningen worden gegeven. In de huidige VKB-blessure-preventieprogramma’s 
worden sporters vaak aangemoedigd om zich te focussen op de kwaliteit van hun 
bewegingen om zo bewustzijn en controle over de knie te vergroten tijdens het 
wenden, keren, springen en landen.14 Echter, sporters expliciet vertellen hoe te 
bewegen lijkt juist contraproductief en minder geschikt voor het onder de knie 
krijgen van complexe motorische vaardigheden.21
Het implementeren van motorische leerprincipes in VKB-blessure-preventie-
programma’s is tot dusver niet onderzocht. Deze innovatieve methode is nader 
onderzocht in dit proefschrift. Motorische vaardigheden kunnen worden aangeleerd 
met de aandacht gericht op de beweging zelf (bijvoorbeeld: “buig goed door je 
knieën”), ook wel interne focus (IF).37 Bij een externe focus (EF) daarentegen is 
de aandacht gericht op de uitkomst of het effect van de beweging (bijvoorbeeld 
“ga op de stoel zitten”).37 Het geven van instructies en feedback met een EF kan 
de automatische controle van bewegingen verbeteren.37 Dit is erg relevant tijdens 
een training of wedstrijd wanneer er onverwachte en snelle bewegingen vereist 
zijn. Bovendien kan een betere manier van het geven van instructies en feedback 
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aan de sporters de compliantie, retentie en transfer naar het veld verbeteren, om 
zo efficiëntie van het preventieprogramma te optimaliseren, resulterend in betere 
lange-termijn uitkomsten.
De bestaande programma’s moeten nog op een effectieve manier geïmplementeerd 
worden en duurzaam worden over de tijd in verschillende condities (grootschalige 
implementatie met goede compliance en retentie op lange termijn).31 Het advies 
is daarom dat onderzoekers zich richten op het verbeteren en implementeren van 
deze preventieprogramma’s.33 Het hoofddoel van dit proefschrift was om bij te 
dragen aan de ‘body of knowledge’ dat kan helpen om de huidige VKB-blessure 
preventie strategieën te verbeteren middels verbeterd motorisch leren.
In Hoofdstuk 1 is een systematische review gepresenteerd. Aangezien vrouwen 
een hoger risico hebben op het krijgen van VKB-letsel,29 speelt het onderzoeken 
van geslachtsverschillen een grote rol in VKB-gerelateerd onderzoek. We wilden 
inzicht krijgen in deze verschillen vanuit een klinisch perspectief. Om de resultaten 
van kinematische, kinetische en neuromusculaire patronen tijdens wendbewe-
gingen te analyseren zijn 7 studies geïncludeerd. Kinematische en kinetische 
geslachtsverschillen toonden een twijfelachtige klinische relevantie en quadriceps 
dominantie (een disbalans tussen knie extensie en flexie kracht, rekrutering en 
coördinatie) werd niet gevonden bij vrouwen. De vraagt rijst nu of VKB-blessures 
tijdens wendbewegingen puur geslachtsgerelateerd zijn en of vrouwen wel moeten 
leren te wenden en keren zoals mannen om de kans op blessures te verlagen. 
Naar aanleiding van de resultaten is het advies dat er in toekomstig onderzoek 
verder moet worden gekeken dan de geïsoleerde beschrijvende man / vrouw ver-
gelijking. Het is belangrijk om de onderliggende oorzaken kritisch te onderzoeken 
en na te gaan of de biomechanische en neuromusculaire geslachtsverschillen 
werkelijk het verhoogde risico bij de vrouwen reflecteren.23 Deze beschrijvende 
studies verschaffen belangrijke inzichten, maar oorzaak-gevolg relaties worden er 
niet mee begrepen. Er moet aandacht worden besteed aan het onderzoeken en 
begrijpen van onderliggende oorzaken voor deze verschillen in incidentie en hoe 
deze aan te pakken. Het is belangrijk te beseffen dat mannen nog altijd voor het 
grootste aantal VKB-blessures zorgen.29 Het is mogelijk dat elk geslacht zijn eigen 
risicofactoren heeft,2 verschillende accenten moeten derhalve worden beschouwd 




In onze zoektocht naar het optimaliseren van de huidige VKB-blessure-preven-
tieprogramma’s hebben we een theoretisch raamwerk gepresenteerd in Hoofd-
stuk 2. Bij de voordelen van een EF vergeleken met een IF lijken met name ook 
sporters baat te hebben aangezien vaardigheden die met een EF verkregen zijn 
beter bestand zijn tegen psychologische6,11,24 en fysiologische vermoeidheid,20,28 en 
bovendien duurzamer zijn wanneer er snelle bewegingen vereist zijn.3,34 Het is erg 
relevant om bewegingstechnieken aan te leren die beklijven in alle omstandighe-
den. Volgens de ‘constrained action hypothesis’, faciliteert een focus op het effect 
van de beweging (EF) onbewuste en automatische leerprocessen.37 Terwijl een 
focus op de beweging zelf (IF) resulteert in een meer bewuste controle die het mo-
torisch systeem beperkt en hiermee automatische processen verstoort, aangezien 
iemand zich dan op zijn eigen lichaamsbewegingen moet concentreren.37 
Het optimaliseren van de huidige preventie-programma’s kan worden bereikt 
door sporters bij te staan in het vinden van eigen optimale bewegingspatronen 
en het controleren van de krachten die bij complexe motorische vaardigheden 
horen. Dit is wezenlijk verschillend van het aanleren van een ‘one size fits all’ 
bewegingspatroon. Het effect van directe feedback op de eigen uitvoering van de 
sporter is nog relatief weinig onderzocht. Theoretisch gezien kan dit helpen in het 
behouden van resultaten op de lange-termijn. Om de kloof tussen de positieve 
korte-termijn-resultaten en de werkelijke reductie van het aantal VKB-blessure te 
slechten, kunnen geïndividualiseerde feedbacktechnieken efficiënter bewegingspa-
tronen verbeteren dan het instrueren van vrouwen om ‘zoals mannen te bewegen’ 
gebaseerd op gevonden geslachtsverschillen tijdens beschrijvend onderzoek.23
Gebaseerd op dit theoretisch raamwerk, hebben we in Hoofdstuk 3 praktische 
voorbeelden gegeven. Het aannemen van instructies die een EF teweegbrengen 
heeft belangrijke implicaties voor VKB-blessure-preventie aangezien het de retentie 
en de transfer naar de sport mogelijkerwijs kan verbeteren. Bovendien, motorisch 
leren met een EF is efficiënt voor het verkrijgen van een veilige bewegingstechniek 
in combinatie met een optimale prestatie (bijvoorbeeld spronghoogte).7 Daarom is 
het ontwikkelen van nieuwe feedbackstrategieën met EF-componenten veelbelo-
vend voor VKB-blessure-preventieprogramma’s. Dit kan bijvoorbeeld bewerkstel-
ligd worden met het gebruik van real-time, video feedback of dyad training met 
observatie van jezelf of een mede sporter als model, terwijl er positieve, EF verbale 
feedback door de begeleider wordt toegevoegd. Om VKB-blessure-preventie voor-
uit te helpen, hebben we in dit hoofdstuk ideeën voor trainingsstaf voorgesteld die 
zij kunnen toepassen tijdens hun trainingen.
Toekomstig onderzoek zou zich moeten richten op de vraag welke combinaties 
van de in Hoofdstuk 3 genoemde technieken, de minste afhankelijkheid van trai-
ningsstaf creëren en toch een goede retentie en transfer naar het veld bevatten. 
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Voor de preventie van VKB-blessures is het belangrijk om de belasting op de knie 
te verminderen tijdens complexe sport-specifieke taken zoals het onverwacht wen-
den en keren.16 Het effect van nieuwe feedbacktechnieken bij het wenden en keren 
is daarom onderzocht in Hoofdstuk 4. Met dit experiment wilden we het vaak 
geobserveerde fenomeen van geslachtsverschillen in bewegingsstrategieën beter 
leren begrijpen en onderzoeken hoe we dit met geschikte interventies aan kunnen 
pakken. Het doel van deze studie was om het effect van een IF (middels een ver-
bale stimulus) en een EF (middels een visuele stimulus) op maximale kniebelasting 
te onderzoeken bij 90 vrouwelijke en mannelijke recreatieve basketballers. Er was 
een sessie met visuele of verbale feedback, met elk twee retentiesessies (1 week 
en 1 maand) zonder feedback voor elke groep. Het grootste effect werd gezien in de 
groep met mannen die visuele feedback kreeg. Zij reduceerden hun momenten in 
het frontale vlak, terwijl de verticale grondreactiekracht en het externe knieflexie-
moment toenam en hoog bleef in de retentiesessies. Over het algemeen hadden de 
vrouwen de neiging hun externe knieflexiemomenten laag te houden. Dit plaatst 
hen echter mogelijk in een risicovollere positie. Het krijgen van visuele feedback 
lijkt voordelig in het potentieel reduceren van het blessurerisico bij mannen gezien 
de toename van het knieflexiemoment en/of afname van het knie valgus moment, 
terwijl de prestatie (rensnelheid) er niet onder leed. Het is aan de andere kant 
mogelijk dat het leren van nieuwe bewegingsstrategieën bij vrouwen gehinderd 
kan worden als zij hun spieren minder efficient gebruiken. Wellicht hebben vrou-
wen meer tijd nodig om een veilige landingsstrategie aan te leren. Bovendien 
is het aannemelijk dat vrouwen andere leerstrategieën prefereren (bijvoorbeeld 
een combinatie van visuele en verbale feedback). De resultaten wijzen er op dat 
het geven van individuele visuele feedback bij mannen een methode kan zijn om 
wendbewegingen aan te passen, met veelbelovende effecten ten aanzien van de 
retentie.
Om de nieuwe feedback-technieken verder te optimaliseren is het laatste experi-
ment uitgevoerd. In Hoofdstuk 5 is het effect van attentional focus onderzocht bij 
een double-legged vertical jump (DVJ). Er is self-controlled feedback toegevoegd 
tezamen met het laten zien van video’s van experts. De DVJ werd geëvalueerd 
met het real time landing error scoring system (LESS). Dit is een praktische tool 
dat inzicht geeft in blessurerisico om zo DVJ landingstechnieken te evalueren en 
te optimaliseren.27 Veertig recreatieve teamsporters voerden de DVJ uit in vijf 
sessies: een pretest (baseline meting), twee trainingsblokken (TR1 en TR2), een 
posttest direct na TR1 en TR2 en een retentietest één week later. Na een algemene 
instructie voorafgaand aan de test werden groepsspecifieke instructies gegeven 
vooraf aan TR1 en TR2. Dit werd tevens gedaan na elke vijf trials in TR1 en TR2. De 
IF groep ontving instructie gericht op het lichaam, de EF groep ontving instructie 
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gericht op de beweging en de video (VI) groep zag een instructievideo met een 
expert. Bovendien mochten de proefpersonen in de IF, EF en VI groepen feedback 
(de LESS score) vragen na elke DVJ in TR1 en TR2. Ze wisten alleen dat een lagere 
LESS score overeenkwam met een betere landingstechniek.
Deze studie liet voordelen van VI-instructie op landingstechniek bij de man-
nen en vrouwen zien. Vrouwen hadden ook baat bij verbale EF-instructies. EF- en 
VI-instructies leidden tot significante verbetering van de landingstechniek (terwijl 
spronghoogte gehandhaafd werd) en bleef aanwezig na een week. Het feit dat in 
beide studies retentie is bereikt na een korte trainingssessie heeft groot potentieel 
om de effectiviteit van de huidige VKB-blessure-preventieprogramma’s te verbe-
teren.
Samenvattend, dit proefschrift heeft bijgedragen aan het begrijpen van mo-
torisch leren bij complexe bewegingen en er is een innovatieve methode voor 
VKB-blessure preventie gepresenteerd. Geadviseerd wordt geslachtsspecifieke EF 
feedbackstrategieën in acht te nemen bij het implementeren van VKB-blessure-
preventie-oefeningen. Professionals worden derhalve geadviseerd om instructies 
en feedback te richten op het resultaat van de beweging (EF, verbaal of visueel) 
in plaats van de manier waarop wordt bewogen (IF), om 1) de prestatie van de 
sporter te verbeteren (bijvoorbeeld spronghoogte of sprongafstand) en 2) het 
risico op VKB-blessures te reduceren. Als de trainingsstaf zich realiseert dat bles-
surepreventie en optimaliseren van prestatie hand in hand gaan kan dit helpen met 
het bereiken van het doel dat blessurepreventie in de toekomst gewoon beschouwd 
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